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Executive Summary    
 
Hydrothermal carbonization is a process by which biomass in water is thermochemically converted 
to a brown activated carbon known as hydrothermal char. As a biomass upgrading process 
hydrothermal carbonization has several advantages, the process is conducted in liquid water 
meaning pretreatment in the form of drying is not required. The process is normally conducted in 
batch reactors at temperatures ranging from 180 to 350°C and reactions of 0.5 to 24 hours. These 
mild conditions are not energy intensive and allow for the technique to be deployed cheaply. The 
process involves no dangerous solvents or chemicals, and the liquid product has potential 
applications as a liquid fuel. 
Hydrothermal carbonization is a cost-effective technology that provides a solution to the growing 
waste and biomass production of the United States. However, there is a growing interest in the 
processes potential to produce a material that can be utilized for advanced materials. Hydrothermal 
chars have been shown to be highly susceptible to post-treatment by acid, temperature and 
mechanical methods. With a wide variety of potential feedstock, treatment and post-treatment 
conditions a deeper understanding of the structure of material and how this structure is impacted 
by these conditions is needed to allow for its optimal use.  
Vibrational spectroscopy is a powerful tool for elucidating the structure of materials. Specifically, 
Raman spectroscopy is largely untapped method for the characterization of hydrothermal chars. 
Raman spectroscopy is a scattering method that like IR spectroscopy utilizes an incident laser to 
produce vibrational responses in the molecule being studied. Raman spectroscopy can potentially 
be used to observe the carbon structure of a molecule. Typically, observations of this structure are 
conducted using Nuclear Magnetic Resonance, which is a relatively slow an expensive technique. 
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Previous use of Raman spectroscopy in the field of hydrothermal carbonization has either 
underutilized the technique making observations of the presence of carbon or has been 
mischaracterized incorrectly stating the structure. In this work we have used Density Functional 
Theory to elucidate the Raman patterns of polycyclic aromatic hydrocarbons such as the ones that 
are the building blocks of hydrothermal chars. As a result of this work we have established a fitting 
method that explains the origins of Raman bands of hydrothermal char. The derived fitting method 
attributes 12 bands to the vibrational spectra of hydrothermal char. Furthermore, we examine how 
this method can be rectified for both an arene rich and furan rich model of hydrothermal char that 
are consistent with the structural motifs observed by more expensive techniques. 
The theoretical method is next deployed to the Raman spectrum of hydrothermal char derived from 
the treatment of glucose, a common model biomass. It is shown that common Raman spectroscopy 
methods when applied to hydrothermal char severely change the surface of material.  How Raman 
spectroscopy impacts the surface of hydrothermal chars was studied and methods of mitigating 
these changes were developed. With a full complement of theoretical and practical tools at our 
disposal we then apply these methods in attempt to understand the changes that occur to the 
structure of glucose based hydrothermal chars as a function of temperature and time. The structure 
of glucose hydrothermal chars was found to be a strong function of the temperature of the reaction, 
and a moderate function of the residence time. We also observed micron level spatial variations in 
the Raman spectra of hydrothermal chars. 
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Chapter 1 Introduction 
 
According to a study by the United States Department of Agriculture it is estimated that the United 
States will produce approximately 700 million tons of biomass purely for energy purposes by the 
year 2030[1, 2]. As a relatively untapped resource, technologies capable of upgrading or valorizing 
this biomass will be instrumental in reducing waste and producing profitable and sustainable 
energy and products for the U.S economy. Hydrothermal carbonization is a process by which 
biomass in water is thermochemically converted to a brown activated carbon known as 
hydrothermal char. Hydrothermal carbonization was first documented in the early 1900’s in 
Germany by Friedrich Bergius[3], but had not seen application as a process until the 2000’s. 
Hydrothermal carbonization first started to gain interest as a research topic in the early 2000s as a 
potential means of upgrading biomass[4, 5]. Even in these early papers the potential applications 
of hydrothermal carbonization as low energy method of converting biomass were clear.  
Hydrothermal chars as a material are a part of a broader class of materials known as biochars[6-
9]. The term biochar is typically used to refer to the product of thermal degradation of biomass but 
is most commonly used to describe the product of biomass pyrolysis. During pyrolysis biomass is 
heated to temperatures ranging 400 to over 1000°C in oxygen deprived environments[10-12]. 
Compared to pyrolysis hydrothermal carbonization is mild process where biomass is processed at 
temperatures ranging from 120 to 250°C, in sealed vessels where the pressure is auto-
generated[13]. A large advantage of hydrothermal carbonization over pyrolysis is the ability to 
process wet feeds. Before pyrolysis biomass needs to be dried, whereas during hydrothermal 
carbonization biomass is processed wet. Most biomass feedstock especially those derived from 
municipal and livestock waste have high moisture contents.  
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Hydrothermal carbonization has a complex reaction network and studies[14-17] in this reaction 
network have demonstrated that the process involves the hydrolysis of biomass into simple sugars, 
alongside polymerization, dehydration and condensation reactions leading to the formation of a 
complex aromatic structure. Sasaki et al.[18] outlined how the hydrolysis of carbon oxygen bonds 
could result in the formation of glucose from cellulose, and the formation of compounds like HMF 
from glucose. Titirici et al. [19] reported the importance of dehydration reactions in the conversion 
of biomass with large oxygen contents to a more carbonaceous solid. Condensation reactions are 
thought to be involved in the conversion of the small molecules produced in hydrolysis to more 
complex large amorphous solids, an example of this is shown schematically by Sevilla et al. [20]. 
Hydrothermal chars are reported by Infrared spectroscopy to contain aromatic components[21], 
thus condensation of aliphatic compounds to aromatic compounds is a key part of the reaction 
mechanism.    
As interest in hydrothermal carbonization rises studies investigating the structure of the material 
have become important. Sevilla et al. have contributed several studies towards our current 
understanding of hydrothermal char. In 2009 [20, 22] they subjected chars made from cellulose, 
glucose, starch and sucrose to a variety of different techniques. One of which was used to 
understand hydrothermal char on a macromolecular level, Scanning Electron Microscopy (SEM). 
Several groups have reported SEM images of hydrothermal chars from a variety of feedstock [20, 
23, 24]. These reports have helped us to understand the tendency of hydrothermal chars to form 
spheres with diameters on the order of 0.1-10 microns. Figure 1 shows SEM images of glucose 
chars produced in our lab. 
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Figure 1-1: Scanning Electron Microscope images of glucose based hydrothermal chars 
Titirici et al. [25-27]. have contributed greatly to our understanding of the NMR spectra of 
hydrothermal char. From NMR spectra Titirici et al. reports that hydrochar is comprised of 
carbonyl (200-230ppm), aromatic (90-175ppm) and aliphatic (10-60ppm) carbons the distribution 
of which is dependent on the feedstock. At higher temperatures hydrochars are reported to have 
lower carbonyl and aliphatic contents. At the same time, Titirici et al. report that NMR can tell us 
about the aromatic content, in terms of furan to arene type aromatics. Titirici et al. infer from NMR 
that hydrochar becomes less furan and more graphitic at higher temperatures or longer reaction 
times. Inferring that hydrochars made at lower reaction conditions consist of singular furan and 
benzene islands interconnected aliphatic side chains.  These condense at higher temperatures to 
form molecules with larger islands of Polycyclic Aromatic Hydrocarbons (PAHs), with dispersed 
dienes and furans making up parts of the structure. 
Titirici’s hypothesis about the structure of hydrochar at mild conditions is at least partially 
collaborated by Latham et al.[28], who used a synchrotron to show that hydrochars made from 
sucrose at 200°C are structurally very similar to Titirici’s model. It is unclear if this contradicts 
Sevilla’s work, since according to Sevilla et al. [29]  sucrose chars at Latham’s reaction conditions 
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(200 °C and 4 hours) should have formed fairly large spheres, with a substantial aromatic core. As 
a result, the exact structural development of hydrothermal char is often contended. 
Raman spectroscopy is a potentially powerful tool for the analysis of hydrothermal char. 
Raman spectroscopy like Infrared spectroscopy is a vibrational spectroscopic technique where an 
incident laser is used to induce vibrations in the molecule. These vibrations result from the 
adsorption energy from the laser by the molecule and resulting emitted energy is read by a detector. 
Raman analysis has been used in the fields of pyrolysis char[30, 31], graphene[32, 33] and carbon 
molecules from deep space[34, 35]. In the field of hydrothermal char, analysis of Raman spectra 
has been typically limited to the observation of a D and G peak, two broad vibrational modes used 
to confirm the presence of graphitic carbon [32, 33] or the analysis by Li et al.[31] originally 
derived for brown coal. Proper investigation into the Raman spectra of PAHs is needed to 
understand the possibilities and limitations of the analysis of the Raman spectra of hydrothermal 
char. Raman spectroscopy as a characterization technique is supposed to be sensitive to the carbon-
carbon bonds in a molecule as a result, in order to deconvolute the broad peaks that are observed 
in the Raman spectra of carbonaceous materials fitting methods are derived. These fitting methods 
seek to correlate the observed peaks to underlying Gaussian and Lorentzian distributions of bands 
resulting from the vibrations of molecules. One example of such a fitting method has been used in 
the fields of soot analysis [36, 37], where Sadezky et al. reported a method of fitting the Raman 
spectra. The proposed method fit A graphitic peak, the same as in graphite, and 4 four peaks for 
defects, numbered D1-4. The D1 band is the same as the classic D band in graphene literature 
supposedly corresponding to defects in the graphene lattice. The D2 peak was reported as possibly 
being a peak common to graphite lattices, the D3 peak was used to describe amorphous carbon 
and functional groups in soot, and the D4 band was attributed to sp2-sp3 bonds in the soot. While 
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this method may prove useful for hydrochar we believe it does not fully explain the range of 
activity in the Raman spectra of carbon materials. A recent paper Smith et al in the field of 
pyrolysis biochars [38], proposed a ten peak fitting method that reported on ranges of vibrational 
modes for large aromatic systems. However, none of these methods provide explanations for the 
origins of the Raman bands that are consistent with the observations of NMR and NEXAFS. For 
this reason, a study investigating the origin of Raman bands of hydrothermal char including small 
and large arenes.  
 The term modelling refers to efforts that aim to simplify, define or quantify an observable 
phenomenon or piece or knowledge. Throughout this work simulations are used as a means of 
attempting to predict trends, explain observations or to justify further examination. Several forms 
of models and simulations are employed. Density Functional Theory refers to modelling methods 
that utilize quantum mechanics to estimate chemical, physical and material properties. To 
accomplish these estimates assumptions are made to solve quantum equations such as the 
Schrödinger equation. Density Functional Theory has seen wide application in the study Raman 
characterization of molecules[39-42]. In these cases, Density Functional Theory is used to predict 
the total number of vibrational modes present in a molecule, and then used to predict the intensity, 
location and corresponding atomic displacement associated with that vibration. These simulations 
are then correlated to the experimental spectra to further allow for an understanding of the origin 
of the bands observed to be developed.  
 
 
6 
 
Chapter 2 Structural analysis of hydrothermal char and its 
models by density functional theory simulation of vibrational 
spectroscopy 
 
A. B. Brown,a B. J McKeogh,a G. A. Tompsett,a R. Lewis,b N. A. Deskins,a M. T. Timko*,a 
a Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, 
USA. 
b Cabot Corporation, Billerica, MA,01821, USA. 
Abstract.  
Density Functional Theory (DFT) and experimental measurements were used to develop a 
systematic method for interpreting the Raman spectra of hydrothermal char (hydrochar). Average 
band locations, relative intensities and their trends relative to structural features were determined 
for the G, D, and Kekulé bands. When combined with several other less prominent vibration 
modes, including vibrations associated with aromatic, ether, alkyl, and carbonyl bonds, the 
calculated average locations reproduced all major features of hydrochar Raman spectra. Two 
model structures were found that could reproduce the main features of the hydrochar Raman 
spectrum and its elemental analysis: 1) a structure consisting of arene domains comprised of 6-8 
rings connected via aliphatic chains or 2) a furan/arene structure consisting primarily of single 
furans and 2- or 3-ring arenes. NMR confirmed that the furan/arene ratio of glucose hydrochar is 
approximately 1:1, consistent with the furan/arene structure supported by Raman spectra. This 
work establishes an interpretation method for hydrochar Raman spectra and reconciles the main 
features of hydrochar structures determined using Raman spectroscopy with those based on other 
methods. 
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2.1 Introduction. 
Biochars [9] are carbonaceous materials made from the thermal decomposition of biomass and 
waste-derived carbon [43]. Biochars are potentially useful for a variety of applications, including 
water purification [44], soil amendment [45], catalysis [46], and gas storage [47]. Several recent 
reviews [8, 13, 19] establish the potential usefulness of biochar materials. For example, Wei et al. 
[48] synthesized biochars from cellulose and activated them with KOH treatment to prepare 
activated carbons with surface areas as great as 2967 m2 g−1 (nitrogen sorption). These activated 
carbons were used to make carbon electrodes with a specific capacitance of 236 F g−1 (100 F cm−3) 
at a sweep rate of 1 mV s–1. Similarly, Regmi et al. [49] converted switch grass into activated 
carbon by using a two-step process consisting of carbonization and KOH activation. The cadmium 
capacity of the resulting material was reported to be 34 mg g−1, compared to 1.5 mg g−1 for 
commercially available activated carbon (Calgon WPH).  
Biochars can be divided into two categories, pyrolysis chars and hydrothermal chars (which we 
will refer to as “hydrochar”). Hydrochars are differentiated from pyrolysis biochars by the 
presence of a bulk water phase during their synthesis; hence, the synthesis process itself is termed 
“hydrothermal carbonization” or HTC [50]. Since many biorenewable feedstock have high 
moisture content (for example, municipal waste [51] and many agricultural residues [52]), the 
energy efficiency of HTC can be greater than that of pyrolysis [53], a process which requires a 
dried feedstock [54]. Also, the physical and chemical composition of hydrochar is distinct from 
pyrolysis biochar [29], a factor which may be beneficial for specific applications [29]. For 
example, Liu et al. [21] compared the composition and performance of pinewood biochars 
synthesized under both hydrothermal and pyrolytic conditions. Interestingly, Liu et al. [21] 
reported that the pyrolysis chars possessed greater surface areas than the hydrochar (29 m2 g−1 for 
pyrochar to 21 m2 g−1 of hydrochar) as well as a significantly larger meso and macropore volume 
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(0.89 cm3 g−1 for pyrochar and 0.05 cm3 g−1 for hydrochar). Despite having greater surface area, 
the copper adsorption capacity of the pyrolysis chars was less than that of the hydrochar (2.73 mg 
g−1 for pyrochar and 4.21 mg g−1 for hydrochar), a difference the authors attributed to the greater 
oxygen content of the hydrochar (35%) compared to the pyrolysis char (4%) [21].  
The molecular composition of hydrochar remains the subject of debate. Figure 1 shows 3 model 
hydrochar structures proposed by Sevilla et al. [22], Latham et al. [28], and Chuntanapum et al. 
[55], respectively. The models clearly have some consistent features, namely the presence of 
aromatic rings and oxygen functional groups. However, important differences are also apparent, 
including differences in types of aromatic ring (arene vs. furan), presence or absence of cyclic 
alkanes, and the number of rings present in fused aromatic structures. An accepted molecular 
model for hydrochar would help guide technological efforts to utilize and tailor hydrochar for 
specific applications. 
Some of the differences in hydrochar model structures are attributable to inherent differences in 
the different methods used for structural analysis. Hydrochar has been examined using methods 
that capture primarily elemental composition [46] (for instance, combustion and atomic 
spectroscopy), functional group content [27, 30, 56] (including NMR, C-XANES, and vibrational 
spectroscopy), or physical/textural properties (nitrogen/carbon dioxide sorption and electron 
microscopy). The hydrochar models shown in Figures 1a [22] and 1c [55] were based primarily 
on IR and Raman spectroscopy; these techniques suggest that hydrochar is a highly defective 
graphitic structure with significant oxygen functional group substitution. Figure 1b was based on 
C-XANES measurements of hydrochar, a method which indicates that the structure is composed 
primarily of individual furan rings [28]. Similarly, Baccile et al. [25] used NMR analysis to 
propose furan rings as the main repeat unit in hydrochar based. While differences in synthesis 
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conditions (temperature, residence time, starting reactant) may play a role in the differences 
between model structures,[57] different experimental techniques clearly provide conflicting 
information that leads to inference of different structures. 
 
 
Figure 2-1: Hydrochar models reported in the literature: (a) Sevilla et al. [22] (b) Latham et al. 
[28] and (c) Chuntanapum et al. [55]. 
NMR and Raman spectra are two of the most common methods used for carbon material 
characterization. NMR analysis of hydrochars benefits from several inherent advantages, most 
notably that it allows nuclei-nuclei cross correlation analysis and spectral editing that can help 
clarify assignments [58]. On the other hand, Raman scattering has advantages of rapid sample 
preparation and scan times (minutes compared to hours for NMR) and is particularly sensitive to 
C−C bonds [59]. In fact, Raman scattering has been useful for characterization of graphene and 
graphite structures [32, 60], and has recently been carefully studied as a tool for characterization 
of pyrolysis chars [38]. Unfortunately, the information that Raman spectroscopy can provide for 
analysis of hydrochars is limited largely due to their complex Raman spectra that apparently 
consists of many overlapping bands [31]. Careful study of hydrochar Raman spectra is required to 
increase the usefulness of this tool for hydrochar characterization and resolve apparent differences 
between model structures based on Raman spectroscopy from those determined by other methods. 
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Several authors have previously suggested methods to interpret the Raman spectra of disorganized 
carbon materials [31, 33, 36, 40, 59, 61-66]. For example, Ferrari et al. [61], suggested that the 
Raman spectra of highly graphitic carbons could be characterized as consisting primarily of 2 
distinctive bands, a “G band”, generally appearing at 1580 cm−1, and a “D band”, generally 
appearing at 1350 cm−1. Tuinstra et al. [63] established the origin of the G band to be defect-free 
graphene sheets, an assignment that  remains generally accepted. The D band is typically attributed 
to the C=C vibrations of defects in the graphene sheets [33, 40, 63]. Furthermore, Tuinstra et al. 
[63] originally attributed the D band to particle size or edge effects, suggesting that the symmetric 
A1G mode of the graphene lattice becomes active at the particle boundary. Ferrari [33] later refined 
the attribution of the D band in graphitic carbons, demonstrating that the intensity and width of the 
D band were greatest at the edges of a graphene sheet. As a further refinement, Castiglioni et al. 
[40] suggested that the D band originates from activation of phonons in sp2 domains around the 
edge of aromatic rings or defects in the graphitic lattice. 
Hydrochar Raman spectra universally exhibit characteristic bands in the same wavenumber range 
as is typical of D and G bands [67, 68]. However, while the G and D band assignments for graphite 
are straightforward, the distinction between the basal plane and the edge is not well-defined for 
even the largest PAH sub-units thought to comprise hydrochar (see Figure 1). Furthermore, while 
graphite Raman spectra consist of narrow G and D bands (<20 cm−1), the hydrochar G and D bands 
are broad (>50 cm−1). Likewise, Raman spectra of graphitic materials are typically dominated by 
a major G band, with only a minor D band, so that the G/D intensity ratio of graphitic materials is 
typically greater than 10. In contrast with graphite, the G/D intensity ratio of hydrochars is only 
about 2. Lacking a better alternative, many authors generally interpret observed hydrochar spectra 
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as suggesting a defect-rich graphitic material, even though the graphitic content in hydrochar is 
generally accepted to be negligible [27, 69]. 
Based on their analysis of the Raman spectra of defect-rich carbonaceous materials (primarily 
soot), Sadezky et al. [36] and Beyssac et al. [59] suggested an approach that was more 
comprehensive than the traditional G/D band assignment. The new assignment [59] contained a G 
band at 1580 cm−1 and sub-divided the D band into 4 sub-bands, each associated with specific 
structural defects. This method has been applied by other research groups analyzing carbonaceous 
materials [65], but it was derived primarily for soot and other low oxygen content carbonaceous 
materials making unclear its extension to carbon materials with high oxygen content, including 
hydrochar. 
More comprehensive Raman interpretations have been published, which build on the work of 
Sadezki et al. [65] and Beyssac et al. [66]. Li et al. [31] published an ambitious Raman analysis of 
Victorian brown coal that suggested that sub-features contained within the G/D vibration manifold 
might be used to identify molecular composition characteristics such as aliphatic side chains and 
average sizes of aromatic structures. Similarly, Smith et al. [38] have suggested a very detailed fit 
for pyrolysis char to explain the G/D region as a collection of vibrations related to different sizes 
of aromatic domains and various defects present in these domains, including seven and five 
membered rings. While the work of Li et al. [31] and Smith et al. [38] may provide a basis for 
understanding brown coal and pyrochar Raman spectra, as with earlier methods for interpreting 
Raman spectra these approaches were developed primarily for defect-rich graphitic carbon 
materials with low oxygen content and large PAH structures. Hydrochars are more structurally 
diverse than pyrochars and soot, as hydrochars have greater hydrogen-to-carbon and oxygen-to-
carbon ratios than pyrochars [69]. Thus, a model developed for hydrochars must take into account 
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a wider range of oxygen and hydrogen defect vibrations than either the Li et al. [31] or Smith et 
al. [38] models include. 
The objective of this work was to develop a method for interpreting Raman spectra appropriate for 
hydrochars. Specifically, we have used computational simulations to predict the Raman spectra of 
model hydrochar compounds, including a series of PAHs, functionalized PAHs, and other model 
compounds proposed in the literature as potential subunits contained within hydrochar. To 
establish method accuracy, predicted Raman spectra were compared to measured spectra for a 
significant subset of the model compounds included in the study. The resulting data set was then 
analyzed to determine average band locations (and their ranges) and relative intensities of the 
primary PAH vibrations. The effect of the number of rings in the PAH structure and the effect of 
functionalization on band location and intensity were evaluated. The calculated average band 
locations constituted the basis of a new fitting algorithm for interpretation of hydrochar Raman 
spectra which was then used to interpret the Raman spectrum of a glucose-based hydrochar. IR 
and NMR spectroscopy were used to confirm general conclusions drawn from Raman 
spectroscopy. The results of this study reconcile Raman spectroscopy with IR and NMR analysis; 
provide a tool for interpreting hydrochar Raman spectra; and establish the utility and limits of 
Raman spectroscopy for characterizing hydrochar structure. 
2.2 Experimental Methods. 
2.2.1 Density Functional Theory (DFT) parameters.  
All DFT calculations were performed using the Gaussian 09 software package [70] and the Webmo 
interface [71]. Geometry optimizations and frequency calculations were performed using Becke’s 
three parameter Lee-Yang-Parr (B3LYP) hybrid functional [72] using the 6-31G basis set.  The 
B3LYP/6-31G combination is commonly used for the simulation of organic molecules consisting 
of 10 or more heavy atoms [38, 73, 74]. For example, Zerbi et al. [40] used DFT to simulate 
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vibrations of PAH molecules containing up to 132 carbon atoms. Calculated band locations 
corrected by multiplication by an empirical constant (0.9659) to improve accuracy, following the 
recommendation of Merrick et al. [75]. Simulated spectra were generated by calculating Raman 
vibrational intensities and applying Gaussian smearing to the vibrational peaks. Visual 
identification of the individual modes was used to determine the molecular vibration responsible 
for each peak. 
2.2.2 Molecular simulations.  
Raman spectra of a wide range of well-defined model compounds were simulated to reproduce the 
key vibrational modes thought to be present in hydrochar (see Figure 1) [31]. Consistent with 
previous theoretical work on vibrational analysis of carbon materials we focused our effort on the 
spectral range from 1000 to 1800 cm−1 [31, 38]. Many important features appear in the range from 
1000-1800 cm−1 including the G and D bands themselves [76], the Kekulé band, and important 
furan ring modes. Table SI-1 provides molecular structures, molecular formulae, and the number 
of symmetry planes of the parent PAH molecules simulated. To capture all likely hydrochar 
subunits, molecules consisting of 1 to 10 arene rings were simulated, with molecular symmetry 
ranging from completely linear (e.g., tetracene) to completely fused (e.g., pyrene).  
Previous work [31, 38] as well as preliminary results from our own simulations were used to 
identify 3 distinct aromatic vibration types: 1) two or three bands associated with carbon sp2 
stretching and ring breathing (including the bands typically identified as the D peak), 2) the Kekulé 
band, 3) 3 asymmetric breathing bands (including the mode typically identified as the G band and 
a mode sometimes termed the “D´ band” [38]).  
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Figure 2-2: Arene ring carbon-carbon stretching mode categories. 
 
Figure 2 contains schematics of the molecular motions associated with the symmetric breathing, 
asymmetric breathing, and Kekulé modes. 
The symmetric and asymmetric breathing modes are well known, and are typically associated with 
the D and G bands respectively. The Kekulé mode is an arene ring vibration present in PAHs that 
appears in the range from 1350 to 1480 cm−1, depending on the molecular structure [77]. Kekulé 
vibrational modes are distinct from the characteristic bands arising from carbon-carbon double 
bond stretches present in furans. The Kekulé mode is a symmetric stretching of pairs of carbon 
atoms in the ring and is described schematically in Figure 2. 
Band locations can be difficult to determine unambiguously for complex molecules with many 
similar peaks appearing close to one another. The difficulty results from the large number of 
vibrational modes of multi-atom molecules, as the total number of possible modes equals 3N-6 
(where N is the number of atoms in the molecule). However, only a subset of the possible modes 
are Raman active, and the active Raman modes often occur as clusters or families of vibrations, 
all of which correspond to similar vibrational motions. Depending on the size and complexity of 
the molecule, each family of peaks consists of several members, covering a range that can be as 
great as 100 cm−1. Fortunately, families of peaks are usually dominated by one intense peak, 
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making band location assignment more straightforward than might otherwise be possible. In some 
cases, a family of vibrations contained several members with significant intensities (here defined 
as >10% of the most intense member of the family); in these cases an average band location was 
calculated. Table SI-2 contains a summary of the average band locations. 
Relative to most other carbonaceous materials, hydrochar has a greater heteroatom content, 
especially oxygen [13] and a greater hydrogen to carbon ratio. Accordingly, hydrochar models in 
the literature (see Figure 1) [22, 27, 55] typically consist of several PAH cores connected via 
aliphatic chains and decorated with various oxygen functional groups including carbonyls, 
quinones, alcohols, esters, ethers, and especially furans. To address the chemical diversity of 
hydrochar, we simulated spectra of aromatic molecules bearing oxygen and aliphatic functional 
groups. Functional groups studied included: aldehydes, alcohols, esters, ethers, and methyl side 
chains. Vibrational spectra were predicted for the PAH compounds shown in Table SI-1, modified 
by replacement of a single hydrogen atom with a functional group (e.g., methyl group). To reduce 
the number of possible isomers and yet maintain a systematic approach, PAH compounds were 
always functionalized at the  position. In addition to functionalized PAHs, the study included 
simulation of the vibrational spectra of several model furans, a quinone, and partially hydrogenated 
PAH molecules.  
2.2.3 Materials. 
D-(+)-Glucose (≥99.5%) used in the synthesis of hydrochars was purchased from Sigma-Aldrich. 
Naphthalene (>98%), anthracene (>97%), pyrene (>97%), 1-methyl naphthalene >(96%), 1-
naphthaldehyde (>95%), 1-naphthol (>99%), 1-methoxy naphthalene (>98%), 1-naphthyl acetate 
(>99%), benzoquinone (>98%), benzofuran (>99%), dibenzofuran (>98%) and 9,10-
dihydroanthracene (>98%) used to obtain Raman spectra were obtained from Tokyo Chemical 
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Industries. De-ionized (DI) water was prepared to a minimum resistivity of 17.9 MΩ•cm 
immediately prior to use. 
2.2.4 Hydrochar Preparation. 
HTC samples were prepared from a solution consisting of 39.6 g of glucose and 160 cm3 of DI 
water. Then, 100 cm3 of the glucose solution was sealed in a 160 cm3 PTFE-lined stainless steel 
autoclave and placed in an oven held at 180 °C for 12 hours. Following reaction, the produced 
solid material was washed with 50 cm3 of water and 50 cm3 of ethanol, and then recovered via 
filtration with two 50 cm3 aliquots of ethanol and water. The char was dried in an oven at 80 °C 
overnight and stored in air-tight vials prior to further analysis. Safety precautions included: 1) 
leaving sufficient space in the autoclave to permit thermal expansion of the liquid solution 
contained within it, otherwise the resulting pressures may exceed safety limits, presenting a risk 
of un-controlled or even catastrophic release, and 2) opening the autoclave inside a chemical fume 
hood, to prevent exposure to toxic gases (e.g., CO) that may be generated during carbonization. 
2.2.5 Raman spectroscopy. 
Raman spectra of the hydrochars and model compounds were obtained using a Horiba XploRa 
Raman microscope operating with a 532 nm laser line at a power of 10 mW. A 2 second scan time 
was used with an accumulation of 25 scans. An 1800-line grating was used with an aperture of 100 
and slit width of 300. Laser light was focused on the sample using a 100 magnification lens from 
Olympus. Use of the 10 mW laser has been attributed to laser induced heating by Li et al. [78] and 
Beyssac et al. [59], these heating effects can result in photochemical and thermal changes to the 
material which may be reflected in the Raman spectra. To reduce the effect the laser has on the 
sample surface the laser was defocused. The effect of the laser intensity and exposure time on the 
sample was investigated and be viewed in the supporting information (Figures SI-1&2). 
17 
 
To improve the signal to noise and obtain representative sampling of the hydrochar, 15 spectra 
were obtained for each sample and then averaged prior to further analysis. All spectra were 
baseline-corrected using LabSpec 6 software provided by Horiba to remove any artifacts 
attributable to fluorescence. Magic Plot (http://www.magicplot.com) was used to fit the spectra to 
a combination of Lorentzian and Gaussian curves.  
2.2.6 Infra-red spectroscopy. 
Infrared spectra were obtained using a Bruker Vertex 70 FTIR spectrometer equipped with a La-
DTGS detector that was operated at room temperature. A diamond attenuated total reflectance 
(ATR) cell, manufactured by Specac was used for the measurements. The resolution was 4 cm−1, 
and 512 scans were acquired and then averaged over the 600–4000 cm−1 wavenumber range.  
2.2.7 NMR spectroscopy. 
Solid-State NMR spectra were acquired on a Bruker AVII operating at a static (1H) field strength 
of 400 MHz (9.4 Tesla) on a standard bore magnet. Data were taken with a Bruker PH 
MASVTN400SB BL4 4 mm CPMAS probe. 13C cross and direct polarization spectra were 
obtained with magic angle spinning frequencies of 12 kHz. Cross polarization experiments used a 
1.5 ms ramped spin lock on the 1H channel, and a rectangular pulse for the spin lock on the 13C 
channel. The cross polarization B1’s (Hartmann Hahn match) and 1H 90o field strengths were set 
to approximately 50 kHz. A recycle delay of 1.5 seconds was used. 1H decoupling was 
accomplished using the SPINAL64 pulse sequence, also 50 kHz field strength. Adamantane was 
used to calibrate the matching condition as well as spectral referencing. The upfield methine 
carbon was set to 29.5 ppm (indirect reference to TMS at 0.0 ppm). Samples were weighed to 
approximately 50 mg. ZrO caps and rotors were used to reduce background in the DPMAS spectra. 
Absolute quantification was accomplished by using a weighed amount of 
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tetrakis(trimethylsilyl)silane mixed with the sample as an internal reference. 13C T1’s were 
measured using cross polarization generated signal with the Torchia modification. 
 
2.3. Results and Discussion. 
2.3.1 Method Accuracy. 
To establish the accuracy of the B3LYP-631G DFT theory method for predicting the locations and 
intensities of Raman bands of PAH molecules, we simulated the spectra of the compounds shown 
in Table SI-1 and compared the simulated spectra to experimentally measured spectra, either 
obtained in our lab or reported in the literature [79-83]. Figure SI-3 provides simulated and 
measured Raman spectra of pyrene, anthracene and naphthalene as representative PAH molecules. 
The simulated spectra shown in Figure SI-3 are in good agreement with the experimental 
measurements, with band locations agreeing to within about 10 cm−1 and intensities agreeing to 
approximately 10%. The accuracy of the intensity prediction is especially encouraging given that 
the simulation method used here is generally more accurate for predicting locations than intensities 
[38].  
Table 1 shows the average absolute and maximum deviations of the positions of bands between 
simulated and experimental spectra for all PAH parent molecules considered in the study (Table 
SI-1), while Table SI-2 provides the complete data set. The naming convention used for all bands 
shown in Table 1 has largely been explained previously in the text. For several, we adopt names 
that appear in the literature [31, 38], but that have not previously been defined here. We group the 
Kekulé (arene) and furan modes as a single band which cannot be distinguished. Likewise, we 
name one of the minor arene ring asymmetric stretches usually observed at wavenumbers greater 
than 1600 cm−1, as the “GR band”; sometimes it is termed the D´ band [38]. For all other bands, 
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we adopt descriptive names based on the molecular motions associated with the vibration (e.g., 
the “asymmetric vibrations” band), although for the ring breathing modes we introduce the 
terminology “Breathing Mode R” and “Breathing Mode L”. 
In all cases, Table 1 shows that the absolute average error was small, with a typical value of about 
5 cm−1. The largest average and maximum deviations were observed for the D Band and symmetric 
breathing mode, 10 and 21 cm−1 respectively. The breathing mode and carbon-carbon stretching 
region is broad in most PAHs, varying over a range of about 300 cm−1, and the greater difference 
in the simulated D band location compared to the experimental location may be due to the 
broadness of this region. Placed in context, the 21  
Table 2-1: Deviation between the locations determined by simulation and measured 
experimentally for arene PAH compounds. 
 
Band Name 
 
Band Description 
Average Absolute 
Error (cm−1) 
Max Absolute Error 
(cm−1) 
G R band Carbon sp2 stretching of arene rings 
with E2G symmetry 
4.6 10 
G band Carbon sp2 stretching of arene rings 
with E2G symmetry 
5.9 11 
G L band Carbon sp2 stretching of arene rings 
with E2G symmetry 
4.8 15 
Kekulé band Carbon sp2 stretch of arene rings 
A1 symmetry 
5.7 16 
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D band Symmetric and Kekulé breathing 
modes 
10.1 21 
Breathing 
mode R 
Breathing mode of arene rings of 
various symmetries 
4.9 15 
Aromatic  
C−H 
Carbon hydrogen wag on arene 
rings 
5.3 14 
Breathing 
mode L 
Breathing mode of arene rings of 
various symmetries 
5.4 14 
 
cm−1 difference is an error of 2% compared to the absolute band location and about 8% compared 
to the overall band width. Therefore, the accuracy of the simulated band locations is adequate for 
further analysis. 
Having established the accuracy of the DFT method for predicting Raman spectra of defect-free 
PAH compounds (listed in Table SI-1), we evaluated method accuracy for molecules with various 
functional groups [22]. Table 2 provides the modes that were included in the study. Specifically 
the study included 5 types of functional groups: 1) methyl, 2) aldehyde, 3) ester, 4) ether, and 5) 
alcohol, all selected based on hydrochar model structures that appear in the literature [22, 55]. 
Previously, Kim et al. [84] simulated the Raman spectra of 5 single-ring furanic compounds, so 
we did not include these compounds in our study. Instead of single-ring furans,  
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Table 2-2: Average and maximum errors observed between predicted and measured Raman band 
locations validation study 
Band type 
Average Absolute 
Error (cm−1) 
Maximum Absolute 
Error (cm−1) 
carbonyl band −32.08 −49.10 
GR band −1.32 19.20 
G band −1.62 18.70 
Asymmetric 
vibrations −2.17 −11.40 
Aliphatic groups −12.38 −27.60 
Kekulé −1.01 13.70 
Furan −3.30 −6.10 
Methyl band −1.10 −1.10 
D band 1.20 33.30 
Ether −0.08 −10.90 
Breathing mode R −0.51 31.10 
Aromatic C−H 1.24 −43.30 
Breathing mode L −0.26 12.10 
 
 
22 
 
spectra of benzofuran, dibenzofuran, quinone, and a partially hydrogenated PAH (9,10-
dihydroanthracene) were studied as potential sub-units of hydrochar. In all cases, the analysis 
included locations and intensities of the 8 PAH vibrational modes and the expected bands 
associated with the functional groups themselves. The Supporting Information provides details of 
the validation study, and Table 2 summarizes the average and maximum errors associated with 
these validation studies. The average error was less than 5 cm−1 for most vibrations except for 
carbonyls and CH2/CH3 modes. The contributions of carbonyl and CH2/CH3 modes to Raman 
spectra of hydrochar are likely minor, making the observed errors in the locations of these bands 
acceptable. 
2.3.2 Analysis of Trends 
Comparison of predicted and experimental spectra established the accuracy of the simulation 
method. The next step was to simulate a large library of compounds (all compounds present in 
Table SI-2, individually decorated with each of the 5 aforementioned functional groups) to identify 
trends and calculate average band locations and band location variability. Trends between the 
locations and/or intensities of vibrational modes and their molecular features (e.g., number of fused 
rings, etc.) are important to identify since they: 1) provide an opportunity to use band locations 
and relative intensities to deduce molecular detail about the composition of the hydrochar structure 
and 2) may contribute to the broad hydrochar Raman bands that are experimentally observed. 
The main features in hydrochar Raman spectra coincide with the G and D bands of graphite, 
making the locations and intensities of these two modes the most important for study. Figure 3 
plots average simulated G band locations (Figure 3a) and D band locations (Figure 3b) for defect-
free PAHs as functions of the number of rings present in the PAH compound. In Figure 3 and all 
other figures in this section, each plotted data point is the average of all available values predicted 
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for PAH compounds with the same number of rings. Range bars are the standard deviation 
calculated from all of the individual values; in a few instances, a single outlier is plotted separately 
as including it in the average value would skew the results and obscure a trend. 
Figure 3a shows that the average G band position varies with respect to molecular size, red shifting 
as the number of rings increases from 1 to 3 and reaching an apparent minimum for 3-ring 
compounds. The G band position then blue shifts as the number of rings increases from 3 to 4, 
before assuming a regular trend of decreasing wavenumber with increasing ring number. As 
expected, the G band position of PAHs with >10 rings approaches that measured for graphite (1575 
cm−1) [33, 63].  
 
 
Figure 2-3: Variation in position of aromatic vibrations as a function of number of rings for defect-
free aromatics. G band positions are in (a) and D band positions are in (b). 
The average D band position blue shifts by nearly 200 cm−1 between benzene (1168 cm−1) and 
naphthalene (1369 cm−1) then steadily red shifts with increasing ring number, tending to a value 
of about 1310 cm−1. The limiting value observed for the D band position is significantly less than 
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that observed in graphite [33, 63] (approximately 1355 cm−1), indicating that the D band requires 
more rings than 16 to reach the graphite value. 
 In addition to band locations, the D/G intensity ratio contains molecular information. 
Ferrari [33] established trends in D/G band intensity ratio as a function of a parameter, Lα, defined 
as the in-plane correlation length, or crystallite size. Lα is a function of the size of the molecule 
and its electronic properties[85]. Ferrari [33] reported that the D/G ratio increases exponentially 
with increasing Lα, reaching a maximum value when L  equals 2.3; for Lα greater than 2.3, the 
D/G intensity ratio decreases exponentially to reach a value of approximately 0.1. Ferrari [33] used 
this observation to describe the transition from nanocrystalline graphite to amorphous carbon. 
Herdman et al. [85] showed that the D/G relationship holds for multi-ring arenes, with the D/G 
ratio increasing with increasing Lα to reach a maximum of approximately 10, and then decreasing 
to approximately 0.1. Figure 4 plots the average D/G intensity ratio predicted for arenes as a 
function of the number of rings. Similar to Ferrari and Herdman et al. [33, 85], the calculated D/G 
intensity ratio increases with increasing number of rings, reaching a value of 9.1 for chrysene, and 
then steadily decreases to a value of approximately 0.9 for the 16-ring arene. 
Results provided in Figures 3 and 4 can be compared to hydrochar Raman spectra, as the hydrochar 
spectrum typically exhibits dominant features centered at 1580 and 1360 cm−1, consistent with the 
G and D bands of PAHs.  
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Figure 2-4: Variation in D/G intensity ratio as a function of number of rings. 
PAH molecules consisting of 1-6 arenes rings produce these band locations. Several hydrochar 
models consist of structures containing 1-6 arene rings (Figure 1), yet experimental hydrochar 
spectra typically exhibit a D/G intensity ratio of approximately 0.5. Therefore, the band locations 
and intensities of PAHs summarized in Figures 3 and 4 are not consistent with literature hydrochar 
models and other structural factors must be considered. We return to this point later in the 
discussion. 
The D and G modes are the dominant features in the Raman spectra of most carbonaceous 
materials. For hydrochar, the D and G bands are not clearly separated, suggesting that an 
intermediate band (or bands) must be important. For hydrochar model compounds, simulations 
indicated that the Kekulé band, which typically appears at wavenumber values between the D and 
G bands, was consistently the third most intense feature. Accordingly, the predicted positions and 
intensities of Kekulé bands were investigated to identify trends that could be related to structural 
information. Figure 5a is a plot of the calculated positions of the Kekulé modes for non-
functionalized PAHs. The location of the Kekulé mode red shifts with increasing number of rings, 
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reaching a minimum for the 7-ring arene compounds and having a value of approximately 1415 
cm−1. The Kekulé mode blue shifts by nearly 50 cm−1 for the 8-ring PAH compounds compared to 
the 7-ring molecules, and then steadily red shifts with increasing number of rings up to 16.  
Figures 5b and c plot the intensity of the Kekulé band relative to the D band (b) and G band (c) 
Unlike Figure 4, Figures 5b and 5c do not include benzene as it has a negligible Kekulé band. 
Relative to the D band (Figure 5b), the intensity of the Kekulé band is relatively constant at 0.1–
0.4. The intensity of the Kekulé band gradually decreases with increasing molecular size, and the 
Kekulé band intensity is only 10% of the D band intensity for the 16-ring PAH studied here. In 
contrast with the D band trend, the intensity of the Kekulé band relative to the G band decreases 
monotonically with increasing molecular size (Figure 5c), albeit with some variability for 
compounds with fewer than 6 rings.  
Figure 1 shows that hydrochar likely contains many diverse functional groups. The presence of 
these functional groups complicates hydrochar spectra, first by adding bands associated with the 
functional groups and second by impacting the positions and intensities of the underlying aromatic 
bands. Starting with the locations of bands directly attributable to functional group vibrations, 
(a) (b) (c) 
Figure 2-5: Predicted Kekulé band positions and intensities ratio relative to D (b) and G band (c) as 
a function of the number of rings in the PAH compound. 
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Figure 6 shows the simulated locations of vibrational modes of functional groups bonded to PAH 
molecules, plotted as functions of the size of the parent PAH molecule. The band locations plotted 
in Figure 6 vary only slightly with the size of the parent PAH molecule, with typical variability of 
only about ±5 cm−1 over the entire range for all compounds studied. The only exception is the 
C−O−C stretch associated with ether bonds, as the average location of this band varies by 
approximately ±20 cm−1 around an average value of 1080 cm−1. The 10-ring molecule, methoxy-
ovalene, is especially unusual as its C−O−C band location is blue shifted by 100 cm−1 relative to 
the average established by the other methoxy-PAH compounds. 
 
 
Figure 2-6: Variation in position of functional group as a function of number of rings for a select 
group of functionalize aromatic compounds 
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Fortunately, the C−O−C band occurs on the edge of the spectral range of interest (1000-1800 cm−1) 
and the mode itself is not strongly Raman active. Therefore, the unusual behavior of the C−O−C 
band does not limit analysis of other, more prominent bands. 
Functional group substitution can influence the locations and relative intensities of PAH modes. 
Figure 7 shows the shift in the positions of the D and G bands of arenes compared to the functional 
group electron withdrawing/donating potential as quantified by the Hammett parameter [86]. 
Functional groups with negative Hammett parameters are electron donating, while electron 
withdrawing exhibit positive Hammett parameters. Table 3 lists the functional groups and the 
Hammett parameters of all functional groups used in this study.  
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
Figure 2-7: Relative shift in D and G band positions of functionalized 
aromatics (relative to non-functionalized aromatics) versus the Hammett 
parameter. 
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Table 2-3:  Hammett parameter values used in this study[86] 
Functional group Hammett Parameter 
None 0 
Methyl −0.06 
Methyl Amine –0.25 
Alcohol 0.1 
Aldehyde 0.36 
Chloride 0.37 
 
Figure 7 shows that only strong electron withdrawing and donating groups have a consistent effect 
on the positions of the D and G bands. For functional groups with Hammett parameters in the 
range from −0.20 to +0.20, no clear trend emerges between Hammett parameter and band location. 
Strong electron donating and withdrawing groups (Hammett parameter >+0.20 or <−0.20) red shift 
the D band by about 10 cm−1 relative to its position for the parent PAH. The red shift is most 
substantial for PAH molecules consisting of 4 or fewer rings and the shift is attenuated as PAH 
size increases. The G band red shifts only for strongly electron withdrawing groups, as even 
strongly electron donating groups do not influence the G band location.  
We sought to understand if the red shifts associated with strongly electron withdrawing groups 
could be explained fully by the Hammett parameter or if a more complex explanation associated 
with carbonyl-aromatic conjugation was required. For this purpose, we studied the effects of 
chloride substitution on G band location as chloride and aldehyde have similar Hammett 
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parameters (Table 3) but only the carbonyl conjugate with the  electrons of the arene ring. Since 
typical hydrochars do not contain C-Cl bonds, the purpose of simulating chloride functionalized 
PAHs is not to understand the material itself but to understand the origin of the red shifts observed 
in the bands of PAHs functionalized by carbonyls. The red shifts predicted for aldehydes and 
chlorides were similar (Figure 7), suggesting that the origin of the red shift is primarily associated 
with electron withdrawing. Therefore, the Hammett parameter captures the most important aspects 
of the interaction between functional groups and PAH vibration modes. This observation may help 
guide future work to use Raman spectroscopy to characterize functionalized hydrochars. Likewise, 
simulations of PAH functionalized with carbonyl groups in which the carbonyl was removed from 
the ring by one or more CH2 groups indicated that the functional group must be adjacent to the 
ring to impact Raman vibrations. 
PAH molecular size may influence the magnitude of the red shifts of the D and G band of 
molecules functionalized with aldehyde groups. Figure 8 plots D and G band positions of 
aldehyde-substituted PAHs as a function of the number of rings. For PAHs containing more than 
2 arene rings the D band red shifts by approximately 4-10 cm−1, which brings its position into 
closer agreement with that observed for experimental hydrochars [65] and  graphite [63].  
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Figure 2-8: Variation in the band position differences for D and G bands in PAHs with aldehyde 
groups relative to non-functionalized PAHs, a) change in the G band position, b) change in the D 
band position. 
However, the shift is highly variable as a function of molecular size and does not exhibit a 
consistent trend. The G band position tends to be red shifted by 2-15 cm−1 for aldehyde-substituted 
PAHs compared to their parent compound, with the exception of phenanthrene which is blue 
shifted by 35 cm−1, causing the large range bar seen in Figure 7 for 3-ring PAHs. 
Figure 9 plots the average D/G band intensities of the aldehyde-substituted PAHs as a function of 
the number of arene rings in the molecule. The trend in Figure 9 is similar to that found for the 
parent PAHs (Figure 4). The D/G ratio for the aldehyde PAHs increases with number of rings until 
it reaches a maximum at 3 rings; the D/G ratio then decreases with increasing number of rings. 
The main difference between PAHs (Figure 4) and aldehyde-substituted PAHs (Figure 9) is that 
aldehyde substitution reduces the D/G ratio compared to the parent PAHs.  
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Figure 2-9: Variation of D/G band intensity ratio in simulated aldehyde. Chrysene is shown 
separately as an outlier. 
In both cases, the maximum D/G ratio is predicted for chrysene; however, for the parent compound 
the ratio is 9:1 whereas for the aldehyde version it is 5:1. In fact, Figure 9 shows that the D/G ratio 
of the aldehyde-substituted PAH compounds is generally less than that of the parent compounds, 
an observation that runs counter to the intuition that the D band should be attributed to defects.  
Preliminary calculations confirmed that, as with the G and D bands, the location and intensity of 
Kekulé band varied only with aldehyde substitution. Accordingly, only the effect of carbonyl 
substitution on the Kekulé band of PAHs was investigated in detail. Figure 10 shows that carbonyl 
substitution red shifts the Kekulé mode of naphthalene by 20 cm−1. For other PAH molecules, no 
clear trend emerges with the Kekulé modes of some compounds red shifting when substituted with 
an aldehyde and others blue shifting; in a complex molecule like hydrochar, the effect of 
substitution on the position of the Kekulé mode is likely to broaden the feature without shifting it.  
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The effect of carbonyl substitution on the intensity of the Kekulé mode is clearer than its effect on 
location. Relative to the D band, the intensity of the Kekulé mode of aldehyde-substituted PAHs 
is about 0.3, which is less than that observed for the parent PAHs. Relative to the G band, the 
intensity of the Kekulé mode of aldehyde-substituted PAHs is about 0.5. In both cases, the intensity 
ratio is not entirely constant, varying somewhat over ranges (±30% relative to the average value) 
and exhibiting a maximum at 4 or 5 rings. 
As previously stated, several hydrochar literature models contain furans [22, 28], motivating a 
study of the Raman spectra of furans. The furans study here include furan itself, benzofuran, 
dibenzofuran, and bifuran. In addition to the D and G bands, furan spectra contain a strong band 
at approximately 1440 cm−1 due to a carbon-carbon stretch [39]. We term this the “furan mode”. 
Figure 11 summarizes the results obtained from simulations of furans. G and D band locations are 
provided in Figures 11a and b. Similar to arenes, furans exhibit D and G bands that are A1G modes 
in the ranges of 1100-1400 and 1500-1650 cm−1, respectively. Specifically for furan, the most 
(a) (b) (c) 
Figure 2-10: Variance of Kekulé Band position (a) and intensity ratio relative to D (b) and G (c) 
bands as a function of number of rings in PAH aldehydes. In (a) non-functionalized aromatics are 
used as a reference for the Kekulé band position. 
34 
 
intense carbon sp2 stretch attributable to the D band appears at 1120 cm−1 and the G band at 1560 
cm−1. Hence, the furan D band is red shifted more than 200 cm−1 relative to its location in 
hydrochar spectra and the furan G band is modestly red shifted by about 20 cm−1. The 200 cm−1 
redshift of the furan D mode indicates that individual furans are an unlikely sub-unit comprising 
hydrochar. For larger furan-based molecules, benzofuran, dibenzofuran and bifuran, both the D 
and G band are blue shifted relative to their location in the furan spectrum. The blue shifted D 
bands of these larger furans remain inconsistent with the D band position observed for hydrochar. 
Figure 11c shows that the position of the furan mode varies for the different furan molecules; 
however, the furan mode is generally at an intermediate position between the D and G bands. 
Benzofuran is an exception to this rule, as its furan mode is indistinguishable from the asymmetric 
vibrations and the Kekulé mode of the benzene rings. 
Figure 11d summarizes the D/G intensity ratio calculated for furanic molecules. Furan has an 
extremely intense D band and a negligible G band. Bifuran is on the other extreme, with a D/G 
ratio of >0.1. The D/G ratios of benzofuran and dibenzofuran are both close to 1. Individually, 
none of these D/G intensity ratios are consistent with that observed for hydrochar, which typically 
has a D/G intensity ratio of 0.5. 
We evaluated the effects of aldehyde substitution on the Raman spectra of furans. Again, Figure 
11 summarizes the data. Aldehyde substitution generally blue shifts the D band and red shifts the 
G band. The effect of aldehyde substitution is most significant for the D band of furan 
(furaldehyde), which exhibits a 240 cm−1 blue shift when aldehyde substituted. The location of the 
blue shifted D band of furaldehyde is in good agreement with the D band location typically 
observed in hydrochar Raman spectra. For all other furans, the shift due to aldehyde substitution 
is less significant, generally about 10-20 cm−1. For furan itself, aldehyde substitution blue shifts 
35 
 
the G band by approximately 10 cm−1; for all other furans, the effect of aldehyde substitution is to 
red shift the G band. The red shift is most significant for bifuran, 30 cm−1. Aldehyde substitution 
generally decreases the D/G band intensity, behavior that is consistent with the effect observed for 
PAHs. The effect is most apparent for furan and furaldehyde as the D/G intensity ratio of the 
aldehyde compound is approximately 7 compared to >1,000 for the parent. Dibenzofuran and 
bifuran exhibit minor increases in D/G band intensities on aldehyde substitution, but the D/G band 
of the aldehyde compounds is still less than 1.  
The ratio of the intensity of the characteristic furan sp2 carbon-carbon stretch to the D and G band 
takes on key importance for interpreting the Raman spectra of hydrochar.  
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Figure 2-11: Simulated aromatic band positions and intensities of furans and aldehyde substituted 
furans. a) G band position, b) D band position, c) furan mode position, d) furan D/G intensity ratio, 
e) furan/D band intensity ratio, f) furan/G band intensity ratio. 
Figure 11e demonstrates that for fused furan molecules the furan/D intensity ratio is <1 as in 
hydrochar, whereas the K/D ratio is approximately 0.7. For furan, bifurans and their aldehydes the 
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ratio is >1 and is many times greater than that seen in experimental hydrochar spectra. Generally, 
aldehyde substitution has minimal effect on the intensity ratio of benzofuran and dibenzofuran. 
For furan, carbonyl substitution increases the furan/D ratio, but lowers the furan/G ratio; the 
opposite holds for bifurans. The predicted values of furan/D and furan/G intensities tend to suggest 
that both bifurans and aldehyde substituted bifurans are unlikely sub-units of hydrochar as these 
molecules have much greater furan modes than are typically observed in hydrochar Raman spectra. 
2.3.3 Application to Hydrochar Raman Spectra Interpretation  
All of the work considered so far establishes the basis for a generalized fitting procedure 
appropriate for Raman spectra of hydrochar. In particular, 12 main bands account for >90% of the 
total Raman intensity in the range from 1100–1800 cm−1.  
 
Table 2-4: Range of locations of vibrational modes of hydrochar. 
Band Range (cm−1) 
Carbonyl band 1650-1750 
GR band 1600-1630 
G band 1570-1610 
GL band 1510-1560 
Aliphatic mode 1450-1470 
Kekulé/furan band 1405-1465 
Methyl band 1385-1405 
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D band 1340-1380 
Ether 1020-1150 
Breathing modeR 1190-1270 
C−H wagging on rings 1140-1190 
Breathing model 990-1070 
 
Table 4 provides average locations and ranges of the 12 main bands present in the hydrochar 
Raman spectrum. Ranges provided in Table 4 were calculated as the standard deviation of the band 
locations simulated for all molecules considered in this study (Table 2). Of these 12 bands, the G, 
D and Kekulé bands are consistently the most intense. Moreover, many of the bands appear at 
consistent locations (within ±20 cm−1 of an average value) with only modest variation; the 
locations of others, especially the G, D, and Kekulé bands, contain information about the number 
of rings present in PAH groups and/or aldehyde substitution on the ring. Likewise, the relative 
intensity ratios of the key bands provide information on molecular size and substitution, especially 
when the substitution group is strongly electron withdrawing. 
The 12 Raman bands listed in Table 4 each inhabit distinct spectral ranges, mainly overlapping 
only at their edges. The closest bands are the Kekulé and the aliphatic bands which are separated 
by 20 cm−1. In this case, the Kekulé band is more intense and provides much greater structural 
information than the CH2/CH3 band, so the overlap does not pose a major problem. The G
R and G 
bands also have similar locations (1615 and 1580 cm−1); however, these two bands arise from 
similar molecular structures but with greatly varying intensities so that the net result is that the GR 
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band appears as a minor shoulder on the main G band. Likewise, the ether (1100 cm−1 average 
position, with a range of 50 cm−1) and the “left” breathing mode (1050 cm−1 average position with 
a range of 80 cm−1) are broad bands that overlap at their edges. Both the ether band and left 
breathing mode are minor features and differentiation between these 2 minor peaks is not possible 
from Raman spectra alone.  
The relative intensities of the 12 bands listed in Table 4 vary considerably. Figure 12 plots the 
band ranges shown in Table 4 (where peak intensities are estimated from our simulation data), 
superimposed over a Raman spectrum obtained for a glucose hydrochar.  
 
Figure 2-12: Representative plot of average location and approximate intensity of vibrational 
modes in hydrochar. The various modes are identified from DFT simulations, and the spectrum 
was measured experimentally for a glucose hydrochar. 
The 3 most intense bands are the G, D, and Kekulé modes, in that order; simulations of PAH 
molecules suggest that the order should be D > G > Kekulé. For the minor bands, DFT simulations 
predict that the CH2/CH3 and methyl bands should have similar intensities compared to the 
furanic/Kekulé and asymmetric bands; however, simulation of aliphatic molecules (shown in the 
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Supporting Information) established the over prediction of the intensities of these bands by a factor 
of about 2. For this reason, the alkyl bands appear in Figure 12 as less intense features than the 
furan/Kekulé and asymmetric bands. The two breathing modes are the next most intense, followed 
by the remaining modes including ether, GR, carbonyl, and aromatic C−H wagging modes. 
Table 4 and Figure 12 provide a clear basis for fitting hydrochar Raman spectra, especially when 
coupled with additional qualitative information obtained from the identified trends in band 
locations and intensities and the studies of furans. Nonetheless, fitting Raman spectra to 12 bands, 
all described by different yet variable locations, intensities, and widths, leads to a poorly posed 
optimization problem. Additional constraints are needed to obtain statistically robust fits. Several 
distinct fitting algorithms were evaluated to determine the best method to constrain the fit: 1) band 
locations were given the mid-range of values shown in Table 4 as values, and band widths were 
fixed during optimization, 2) band locations were fixed at their average values (Table SI-2 and 
band widths allowed to vary, and 3) band widths were assigned a common value (30 cm−1) and 
band locations allowed to vary, again using the mid-range values in Table 4 as initial guesses. In 
all 3 cases, band intensities were allowed to vary to obtain the best fit and all bands were 
represented using Gaussian distributions. Holding the band widths constant at a single value and 
allowing the band positions to vary within the calculated ranges (method 3) consistently provided 
the best overall fit. Subsequent testing was performed to determine if the order of fitting the band 
positions influenced the quality of the fit. From this exercise and from other considerations based 
on previous simulations, we determined that the positions of all auxiliary bands should be fixed at 
their mid-range values to allow the main G, D and Kekulé bands freedom to shift to optimize the 
quality of fit. This procedure maximized the information content provided by the G, D, and Kekulé 
band locations (and intensities), while consistently providing good fits to experimental spectra. 
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Having established a systematic fitting algorithm, we sought to use it to interpret the Raman spectra 
of a hydrochar synthesized from glucose. Figure 13 provides the experimental Raman spectrum 
and the mathematical peak fit. Table 5 defines abbreviations used in Figure 13 along with best-fit 
locations and intensities. As anticipated from Figure 12, the G and D bands are the 2 most intense 
features. The G, Kekulé and D band positions are 1579, 1441 and 1332 cm−1, respectively. The 
calculated intensity ratios of the D/G, K/D and K/G bands were 0.56, 0.66 and 0.37, respectively. 
The ‘valley’ that exists between the D and G band can be attributed to Kekulé  
  
Figure 2-13: Experimental Raman spectra and spectral decomposition of glucose hydrochar using 
peak positions/widths as described in the text. The red line is the best fit sum curve, while the solid 
black line is the experimental spectrum. 
Table 2-5: Hydrochar composition features as deduced from fitting the experimental Raman 
spectra using various band groups. 
Band Name 
Abbreviation 
in Figure 13 
Position 
(cm−1) Percentage of Total Area 
Carbonyl band Carb 1695 5.09 
GR band Gr 1612 1.43 
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G band G 1579 26.21 
GL band Gl 1506 9.20 
CH2/CH3 Band n/a 1463 0.00 
Kekulé/furan band Ké 1441 9.56 
Methyl band Me 1390 9.50 
D band D 1332 14.58 
Ether E 1096 4.17 
Breathing modeR Br2 1262 11.18 
C−H wagging on rings C 1179 6.57 
Breathing modeL Br 1011 2.51 
 
 
vibrations of arene rings and sp2 carbon stretching modes of furans and has been correlated to the 
structural and chemical properties of a pyrolysis char in a recent study[87]. 
Aside from the aforementioned bands, the methyl band (Me) is relatively intense, suggesting that 
the glucose hydrochar has substantial methyl content. In contrast, the calculated area of the 
CH2/CH3 band was negligible, which is consistent with simulations results. Interestingly, the best-
fit location of the carbonyl band is at 1695 cm−1, consistent with the usual location of carboxylic 
acid dimers rather than isolated aldehydes or ketones [88, 89]. However, the carbonyl band is a 
minor feature at the edge of the fitting range, and its location should not be over interpreted. 
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Table 6 attempts to reconcile the hydrothermal char spectra in Figure 13 with the information in 
Figures 3-12, listing the G, D, and Kekulé band locations and intensity ratios of arenes, furans, and 
their carbonyl-bearing derivatives. The first row in Table 6 provides data obtained from 
experimental analysis of a model glucose char. All remaining rows provide data obtained from 
simulation of model compounds. If the experimental band location and intensity ratios for glucose 
char appear in the calculated range for a type of molecule, the entry is not colored. Entries that 
have a range of values that does not include the experimental char value are labelled in red; these 
entries are inconsistent with the char model. Calculated values that have a large range that entirely 
encompasses the experimental values are colored orange; these entries might be consistent with 
glucose char, but are deemed less appropriate than entries which are not colored. 
 
 
 
Table 2-6: Range of parameters for aromatic molecules compared with hydrochar. 
Model 
G band 
location 
(cm–1) 
D band 
location 
(cm–1) 
Kekulé 
band 
location 
(cm–1) 
D/G 
Intensity 
Ratio 
K/G 
Intensity 
Ratio 
K/D 
Intensity 
Ratio 
Glucose Char 1579 1332 1441 0.56 0.37 0.66 
1-ring arene 1600 1166 
 
0.86 
  
44 
 
2-ring arene 1574 1368 1458 4.1 1.7 0.42 
3-ring arene 1530-1550 
1334-
1391 
1420-
1480 7.9-8.5 1.29-1.4 
0.15-
0.19 
4-ring arene 1564-1611 
1346-
1397 
1412-
1448 0.8-3.5 0.3-2.3 
0.18-
0.42 
5-ring arene 1569-1606 
1307-
1374 
1404-
1432 0.77-2.67 
0.04-
1.76 0.1-0.61 
6-ring arene 1579-1609 
1368-
1372 
1425-
1443 0.67-1.81 
0.27-
0.49 
0.18-
0.28 
7-ring arene 1578-1616 
1308-
1378 
1396-
1436 0.58-2.8 
0.26-
1.08 
0.09-
1.23 
8-ring arene 1554-1606 
1335-
1355 
1426-
1506 0.26-5.38 0.1-0.5 0.04-0.2 
9-ring arene 1572-1590 
1341-
1365 
1484-
1492 0.48-1.1 
0.12-
0.14 
0.11-
0.29 
10-ring arene 1603 1326 1460 1.61 0.17 0.11 
furan 1559-1629 
1135-
1276 
1440-
1508 
0.03-
1250 
0.63-
1500 1.2-16 
fused arene furan 1614-1628 
1236-
1244 
1446-
1483 0.37-0.93 0.1-0.2 
0.22-
0.27 
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1-ring arene C=O 1603 1192 
 
0.26 
  
2-ring arene C=O 1571 1354 1439 1.1 0.31 0.29 
3-ring arene C=O 1550-1567 
1330-
1390 
1438-
1478 3.3-4.4 0.5-0.71 
0.11-
0.24 
4-ring arene C=O 1556-1614 
1339-
1389 
1408-
1461 1.21-4.13 
0.18-
1.56 
0.22-
0.44 
5-ring arene C=O 1592-1598 
1376-
1384 
1398-
1502 0.65-1.61 
0.34-
0.92 
0.44-
0.56 
6-ring arene C=O 1574-1579 
1347-
1393 
1404-
1438 0.55-0.83 
0.14-
0.32 
0.24-
0.32 
7-ring arene C=O 1556-1588 
1333-
1365 
1388-
1478 0.7-2.56 
0.15-
0.17 
0.06-
0.24 
8-ring arene C=O 1546-1602 
1331-
1347 
1447-
1511 0.28-5.1 
0.04-
0.66 
0.12-
0.14 
9-ring arene C=O 1578-1588 
1341-
1369 
1479-
1493 0.32-1.34 
0.12-
0.24 
0.09-
0.73 
10-ring arene C=O 1594 1342 1475 1.07 0.29 0.27 
Table 6 continued       
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furan C=O 1564-1604 
1289-
1396 
1469-
1525 0.22-7.6 1.08-38 
4.75-
5.05 
fused furan arene 
C=O 1613-1622 
1251-
1297 
1425-
1441 0.44-0.69 
0.07-
0.19 
0.15-
0.27 
Red denotes entries that do not match experimental observations. Orange denotes entries with a 
range of values that partially overlaps the observed value. White denotes entries that are consistent 
with experimental observations. 
 
Table 6 indicates that a model consisting of 6-8 ring arenes, linked together via aliphatic chains, 
is consistent with Raman spectroscopy. The 6-8 ring arenes possess similar G, D, and Kekulé 
locations and intensities compared to those observed in the Raman spectrum of glucose hydrochar 
(Figure 13). Aliphatic chains, which do not impact the positions or intensities of the aromatic 
modes, could be added to the 6-8 ring arene model to reproduce the expected C/H ratio. Of the 
models proposed in the literature, the version proposed by Chuntanapum et al. [55] comes closest 
to the 6-8 ring arene hydrochar model. Similarly, the model proposed by Sevilla et al. [22] contains 
some sub-units with 4-6 arene rings; these structures are close to the range indicated by Table 6. 
Interestingly, the Chuntanapum et al. [55] and Sevilla et al. [22] models which seem to agree best 
with the Raman spectra were also determined primarily based on vibrational spectroscopy. 
The 6-8 arene model suggested by Table 6 lacks oxygen and elemental composition therefore 
provides an additional constraint. Table 7 provides the elemental composition of the hydrochar 
synthesized in this study. The oxygen content of the model proposed by Chuntanapum et al. [55] 
is approximately 9% by mass, compared with 26% for glucose hydrochar (Table 7). Since the core 
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unit (6-8 ring arenes) contains no oxygen, the model would need to be modified to incorporate 
oxygen in such a way as not to disturb the positions or intensities of the G, D, and Kekulé bands. 
This could be accomplished by incorporating oxygen primarily on aliphatic side chains, potentially 
as ethers or alcohols or as carbonyls not in conjugation with the arene rings.  
Table 2-7: Elemental composition of hydrochar* synthesized in this study. 
Element 
Mass percentage 
% 
Carbon 69.2 
Hydrogen 4.3 
Oxygen 26.5 
*synthesis conditions provided in the Experimental Methods. 
Figures 7 and 8 indicate that these types of functional groups do not impact the positions or 
intensities of the G, D, and Kekulé bands. Therefore the model proposed by Chuntanapum et al. 
[55] could be made to be consistent with Raman spectra and elemental composition by strategically 
increasing its oxygen content preferentially on the aliphatic side chains. Therefore, our detailed 
analysis of hydrochar Raman spectra can be construed as support for a modified version of the 
model proposed by Chuntanapum et al. [55]. However, this analysis does not allow for interactions 
of arenes with carbonyl functional groups, nor for complex superposition of the spectra of 
individual sub-units to reproduce the full hydrochar spectrum. Therefore, more detailed 
consideration of the models proposed by Baccile et al. [25], Sevilla et al. [22], and Latham et al. 
[28] was performed. 
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 Unlike Chuntanapum et al. [55] and Sevilla et al. [22], Baccile et al. [25] proposed 
hydrothermal char structures using primarily NMR spectroscopy. The structures proposed by 
Baccile et al. [25] were highly furanic and contained no fused aromatics. Table 6 and Figure 11 
demonstrate that while furan-rich hydrochars could theoretically possess the correct G, D and 
Kekulé position, the intensity ratios of the D/G, K/D, and K/G bands would be incorrect as furan-
based molecules tend to have strong vibrations in the region of 1420-1500 resulting from the sp2 
carbon carbon stretching mode whereas hydrochar tends to exhibit a “valley” in this wavenumber 
range. In fact, Liu et al. [90]  studied the Raman spectrum of polyfuran, reporting that while the G 
band of polyfuran appears at 1600 cm−1 (which is consistent with hydrochar), the D band appears 
as a weak feature at 1300 cm−1 and is much less intense than the furan/Kekulé band. As a result, 
the Raman spectrum of polyfuran does not consist of two dominant bands and a valley, but rather 
a single dominant band at 1600 cm−1 and a broad feature ranging from 1550 to 1465 cm−1. 
Therefore, on their own, polyfuran-based molecules do not reproduce the main features observed 
in the hydrochar Raman spectrum. 
The model suggested by Sevilla et al. [22], which is dominated by 3- to 5-ring arenes, cannot 
reproduce the location of the G band and over predicts the D/G intensity ratio by a factor of 10. 
Converting the oxygen functional groups (such as ethers and alcohols) contained in the Sevilla et 
al. [22] model into conjugated aldehydes brings the G band location and D/G intensity ratio into 
better agreement with experimental values; however, the predicted D/G intensity ratio remains 
nearly an order of magnitude greater than observed. One possible solution to this inconsistency is 
the addition of single ring furans to the Sevilla et al. [22] model; the D/G intensity ratio of furans 
is less than observed for hydrochar, so modifying the Sevilla et al. [22] model to be a mixture of 
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furans and carboxylated 3-ring arenes would reproduce the main features of the hydrochar 
spectrum. 
The model of Latham et al. [28] consists entirely of 1-ring furans and 1-ring arenes, with minimal 
carbonyl content. As posed, the furan content of this model is unlikely to reproduce the observed 
D/G intensity ratio and the 1-ring arene content is unlikely to reproduce the observed K/D ratio. 
Increasing the carbonyl content of the Latham et al. [28] model would bring the D/G intensity ratio 
into better agreement with observation. Substituting 2 and 3-ring arenes – again with carbonyl 
substitution – for the 1-ring arenes proposed in the Latham et al. [28] model would bring the K/D 
ratio into agreement with that observed. 
 At this point, we realized that starting either with the model proposed by Latham et al. [28] 
or the one proposed by Sevilla et al. [22] and modifying it to be consistent with the observed 
spectrum leads to a similar structure consisting of carbonyl substitution of furans and arenes with 
2 or 3 rings. On the other hand, a simple model consisting of 6-8 ring arenes and aliphatic side 
chains bearing oxygen functional groups could also be consistent with the observed spectrum. 
Raman alone cannot differentiate between these models. Accordingly, we analyzed the glucose 
hydrochar using IR and NMR spectroscopy to compare with the Raman analysis.  
Figure 14 is the IR spectrum of glucose hydrochar. The IR spectrum features a prominent band at 
1700 cm–1, the usual location where carbonyl C=O stretching bands appear [76], and a band at 
1490 cm–1 that has been associated with furan C=C vibrations [91].  
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Figure 2-14: IR spectrum of a glucose hydrochar. Synthesis conditions provided in the 
Experimental Methods. 
Therefore, the IR spectrum of glucose hydrochar is qualitatively consistent with the modified 
versions of the Sevilla et al. [22] and Latham et al. [28] models. On the other hand, the band at 
2950 cm−1 is attributable to C-H stretches [76], which are prominent in the Chuntanapum et al. 
[55] model. Moreover, the broad bands at 3400 cm−1, which corresponds to O−H stretches, indicate 
substantial oxygen content that is associated with hydroxyl groups and not carbonyls, possibly 
consistent with the Chuntanapum et al. [55] model. 
Figure 15 is the 13C direct polarization magic angle spinning (DPMAS) NMR spectrum of the 
glucose hydrochar. DPMAS, occasionally referred to as a single pulse excitation (SPE), gives a 
quantitative representation of the carbons in their representative chemical environment. DPMAS-
NMR spectroscopy has been used previously to characterize hydrochars, and we follow peak 
assignments reported in the literature to interpret the spectrum in Figure 15 [27, 64]. The NMR 
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spectrum is dominated by a broad feature ranging from 100 to 160 ppm; the bands contained within 
this feature are associated with aromatic carbons [92]. Specifically, the NMR bands that appear at  
 
Figure 2-15: NMR spectrum of a glucose hydrochar. Synthesis conditions provided in the 
Experimental Methods. 
150 and 110 ppm are attributable to furans while arenes are associated with the band located at 
130 ppm [27, 64]. The intensity ratio of these bands is approximately 2:1, in favor of furans and is 
more consistent with the modified versions of the model proposed by Latham et al. [28] and Sevilla 
et al. [22], than the Chuntanapum et al. [55] model. Moreover, the band appearing at 200 ppm is 
associated with ketone/aldehyde content [92], hypothesized to form from thermal decomposition 
of glucose into 5-hydroxymethylfurfural (HMF) intermediates [26]. The second peak in the 
carbonyl region at 170 ppm is an acid or ester carbonyl most likely attributable to carbonyls 
associated with HMF units and levulinic acid, the thermal decomposition product of HMF. 
Therefore, the oxygen content implied by NMR is more consistent with the modified versions of 
the models proposed by Latham et al. [28] Sevilla et al. [22] than the model proposed by 
Chuntanapum et al. [55]. 
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 The work we have presented establishes a clear method for interpreting hydrochar Raman 
spectra and reconciles Raman spectra with results from other techniques (e.g., NMR and C-
XANES). In fact, the use of Raman spectroscopy in tandem with other techniques seems to have 
the promise for characterization of the molecular sub-structures of hydrothermal char. In addition, 
the analysis of vibrational spectra of various model compounds (including arenes, furans, and 
various functionalized versions of them) should help inform attempts to study carbonaceous 
materials aside from hydrochar, including pyrolysis char, activated carbon, asphaltenes, and 
graphene oxide – all of which bear structural similarities either to hydrochar or the model 
compounds we studied here and all of which have prominent features in their Raman spectra that 
coincide roughly with the G, D, and Kekulé bands we have used to characterize hydrochar. 
That stated, Raman spectroscopy on its own has limitations, and our analysis has shown these. In 
particular, the Raman spectrum is consistent with multiple plausible sub-structures. Specifically, 
the Raman spectrum is consistent both with fused arenes consisting of 6-8 rings or with a structure 
consisting of 1-ring furans and 2-3 ring aromatics. IR and NMR spectroscopy were required to 
differentiate between these two potential structures. More fundamentally, the superposition of the 
Raman spectra of individual compounds is inexact. In particular, dividing structures with extended 
conjugation into 2 or more sub-structures may lead to errors in predictions of Raman spectra. 
Bifuran, which has significantly different spectral features than furan, is an example of the 
challenge. The aliphatic content of hydrochar suggests that it consists of isolated aromatic islands, 
making this concern less important for the case we have considered. Nonetheless, extension of our 
method to materials other than hydrochar will need to account for the importance of molecular 
connectivity, proximity, and especially extended conjugation on features in the Raman spectra. 
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Lastly, the final results of our method must be applied to interpretation of the Raman spectra of 
carbonaceous materials other than hydrochar must be done with care. Comparison with pyrolysis 
char is most informative. Smith et al. [38] recently proposed a method to interpret the Raman 
spectra of pyrolysis char Raman. Their model consisted of 5, 6, and 7-ring hydrocarbon 
compounds, very much in contrast with the oxygenated compounds (furans and aldehydes) we 
have specifically proposed for hydrochar. In fact, both models can be accurate, each for their own 
set of materials. Elemental composition is the most direct means to differentiate between 
applications of the two models. Hydrochar contains approximately 20-30 wt% oxygen [21, 22], as 
seen in Table 7, whereas the oxygen content of pyrolysis chars is generally less than 10 wt% [54]. 
The work we have presented is insufficient to establish a hard cut-off between when the two Raman 
interpretation methods should be applied. However, the validity of our method should come into 
question for materials with less than approximately 15 wt% oxygen content – or, naturally, for 
materials synthesized from starting precursors that are not carbohydrate-based. Likewise, 
application of the pyrolysis char interpretation method is dubious for highly oxygenated materials. 
Therefore, the present state of understanding is that the Raman spectra of pyrolysis chars and 
hydrochars should be interpreted using different band assignments, even though their spectra 
consist of similar features. 
2.4 Conclusions.  
The Raman spectra of model constituents of hydrochar were simulated using DFT, with a specific 
focus on arenes and furans. In nearly all cases, the most important aromatic vibrational bands were 
associated with G, D, and Kekulé modes. The positions and relative intensities of these bands 
varied with respect to the number of rings in the aromatic structure and when substituted by 
carbonyls. Other functional groups did not impact aromatic band positions or intensities and the 
effect of the carbonyl was surmised to be attributable to its electron withdrawing capability. The 
54 
 
location of vibrational modes associated with functional groups was not strongly influenced by the 
parent compound. Using these observations, we propose a 12 peak fit to describe the main features 
of the hydrochar Raman spectrum. Moreover, we categorized the G, D, and Kekulé modes of the 
various model compounds by their locations and intensities. This exercise suggested that a 
hydrochar model consisting of arene clusters consisting of 6-8 rings and with oxygenated alkyl 
branches could reproduce the main features of the observed Raman spectrum. Alternatively, a 
furan/arene structure consisting of carbonyl substituted compounds could also reproduce the 
Raman spectrum and would be more consistent with models proposed based on NMR data. 
Subsequent analysis using IR and NMR suggested that the furan/arene structure is more likely to 
be accurate. This work advances understanding of hydrochar Raman spectral analysis, helps 
resolve apparent discrepancies between Raman spectroscopy and NMR, and may provide 
opportunities for advancing current understanding of hydrochar structure. 
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Chapter 3 Induction of Thermal and Fluorescence effects on 
Hydrothermal Char during Raman Spectroscopy 
Avery Browna, Geoff Tompsetta, Behnam Partopoura,  Aaron Deskinsa, Mike Timkoa 
 a Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, 
USA. 
Abstract 
Raman spectroscopy is a potentially powerful tool for the structural characterization of 
hydrothermal chars due to its speed and relative operative cost. In this work we demonstrate the 
potential destructive nature of Raman spectra of hydrothermal char due to heating of the samples 
by the Raman laser. Using COMSOL analysis and empirical evidence we demonstrate that laser 
powers in excess of 1mW possess the ability to degrade the surface of hydrothermal chars. We 
further propose two methods of conducting the Raman spectra of hydrothermal chars as means of 
reducing the damage. We further demonstrate that these methods are usable for a range of materials 
such as cellulose, glucose and food waste.  
3.1 Introduction 
The need to develop biomass conversion technologies continues to grow, motivated by the 
environmental and economic imperative of identifying alternatives to fossil fuel derived fuels, 
chemicals, and materials[93] . Production of biomass derived materials is especially attractive as 
a carbon negative technology[94] with products that are more valuable than bulk fuels or 
commodity chemicals. Hydrothermal chars (hydrochars)[13] are carbonaceous solids produced 
from thermal degradation of biomass in the presence of liquid water[19]. Hydrochars are 
composed of complex mixture of aromatic and furanic structural units, decorated with numerous 
oxygen functional groups, such as ketones and carboxylic acids [22, 95]. They have been studied 
for a variety of applications, such as gas storage[96], metal adsorption,[97] and soil 
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amendment[45]. Because hydrothermal carbonization is performed in the presence of liquid water 
and can be further modified by use of various additives, it has potential as a one-step method for 
producing materials with a range of properties [21, 50], different compositions,[98, 99] and useful 
for many different applications.[100, 101]  
Due to the wide range of possible feedstock and operating conditions, hydrothermal chars can be 
tailored for the desired applications, at least in principle. For example, Demir-Cakan[97] subjected 
a mixture of glucose and acrylic acid to hydrothermal carbonization conditions to synthesize 
hydrochars with abundant carboxylate groups for sorption of metal cations. Unfortunately, efforts 
to tailor hydrochars to their application remain largely intuitive and empirical, rather than 
scientific, which limits progress in this important area. Two broad needs must be satisfied to make 
rational the production of a desired hydrochar from a give feedstock: 1) improved reaction and 
reactor models and 2) improved structure-property models. In terms of the first need, several 
groups are working to unravel the complex hydrolysis, dehydration, condensation, and 
polymerization reactions that occur during hydrothermal carbonization[15]. Developing structure-
property models remains comparatively un-addressed, in part due to a lack of convenient methods 
for characterizing hydrochar composition. The lack of convenient, accessible methods for 
hydrochar structural characterization means that relating hydrochar structure to properties is often 
difficult or even impossible. 
Nuclear Magnetic Resonance (NMR) and Infrared (IR) spectroscopy are two of the most common 
methods for analyzing the structure and chemical composition of carbonaceous solids [55, 58, 97, 
102]. NMR has been used to determine relative quantities of aliphatic, aromatic and carbonyl 
components in hydrochar and pyrolysis biochars[7]. NMR also allows for nuclei cross-correlation 
for structural refinement and to probe longer range order [25, 58, 103]. While NMR is a powerful 
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tool for characterizing hydrochar structure, the instrumentation is expensive and the analysis 
requires hours to complete. IR spectroscopy is more rapid than NMR, requiring seconds or minutes 
to analyze a single sample. IR spectroscopy is especially useful for the identification of oxygen 
functional groups located near the char surface[104]. On the other hand, analyzing the carbon-
carbon backbone of hydrothermal char and quantifying the abundance of different functional 
groups are both difficult for IR spectroscopy [21, 105]. 
In comparison with NMR and IR spectroscopy, Raman spectroscopy is an under-utilized 
hydrochar characterization technique. Compared to NMR, Raman spectrophotomers are 
inexpensive and require much shorter analysis times. Compared to IR spectroscopy, Raman 
spectroscopy provides much more information on the carbon-carbon backbone [106]. Raman 
spectra reported for hydrochars in the literature invariably consist of broad features, one centered 
at approximately 1330 cm−1 and the other at approximately 1585 cm−1 [20, 107]. These two Raman 
bands are generally attributed to large arene substructures [32], whereas NMR instead suggests 
that hydrothermal char is composed primarily of furans. Figure 1 shows two model structures 
reported previously in the literature for hydrothermal char.[28, 108] The structure in Figure 1a is 
based on Raman (and IR) spectroscopic analysis, and shows hydrochar as an arene rich material. 
In contrast, the structure inferred from NMR and shown in Figure 1b is furan rich. Structures 
similar to that shown in Figure 1a are typical of carbonaceous materials formed by high 
temperature pyrolysis of carbohydrate-rich materials (>400 °C), but full conversion of 
carbohydrates to arenes may not be possible at the temperatures generally used for hydrothermal 
carbonization (<200 °C)[109]. Instead, reaction pathway analysis [15, 57]  would indicate that 
hydrochars should be composed primarily of furans, as inferred from their NMR spectra. This 
leads to an apparent contradiction. 
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Figure 3-1:Hydrochar model compounds reported in the literature (a) Chuntanapum et al.[108] (b) 
Latham et al. [28] 
In our previous work [110] we used density functional theory to establish a systematic method for 
peak fitting the Raman spectra of hydrochar. This work showed that NMR and Raman spectra 
might be reconciled with one another by adjusting the number of arenes present in fused structures 
and accounting for the effects of strong electron withdrawing groups, including carbonyls, on the 
locations and intensities of Raman features. Accordingly, this tools is a general method for 
characterizing the relative abundance of furans and arenes present in hydrochar. During follow-up 
experiments and continued consideration of the literature [83, 111], we identified a potential, 
widespread flaw in the Raman spectra reported in the literature for hydrochar. Specifically, we 
realized that hydrochar may be sufficiently thermally labile that laser analysis using Raman may 
alter its local structure. Accordingly, we set out to quantify this potential effect by performing 
Raman analysis on a model hydrochar at different laser powers and by analyzing hydrochar at 
different heat treatments. These experiments led to model analysis of heating effects to rationalize 
the effects of laser power and heat treatment on observed spectra. Finally, we developed a new, 
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thermally insensitive method for Raman analysis of hydrochars and use this method to resolve the 
persistent controversy over the chemical structure of hydrochars derived from carbohydrates. 
3.2 Methodology 
3.2.1 Materials 
D-(+)-Glucose (≥99.5%), Avicel PH 101 cellulose, used in the synthesis of hydrochars was 
purchased from Sigma-Aldrich. Food waste used in the preparation of hydrochar was made from 
a representative food waste made from chicken breast, cheese, mash potatoes, green beans, and 
rice.  This food waste mixture was mixed with deionized water and homogenized in a blender 
before conducting carbonization reactions. De-ionized (DI) water was prepared to a minimum 
resistivity of 17.9 MΩ•cm immediately prior to use. 
3.2.2 Preparation of Hydrothermal Char 
Hydrothermal char samples of glucose and cellulose were prepared from a solution consisting of 
20 g of glucose and 80 g of DI water. Then, 100 g of the glucose solution was sealed in a 160 cm3 
PTFE-lined stainless-steel autoclave and placed in an oven held at 180 °C for 24 hours. Following 
reaction, the produced solid material was washed with 100 g of water and 100 g of ethanol, and 
then recovered via filtration with ethanol and water. The char was then dried in an oven at 65 °C 
for 12 hours and stored in air-tight vials prior to further analysis.  
Food waste hydrothermal char samples 
 A model food waste was created using a mixture of american cheese (12.8%), 
canned chicken (14.9%), instant potatoes (10.6%), green beans(14.9%) white rice (19.1%), 
apple sauce (22,3%) and butter (5.4%) on a dry weight basis. This model food waste was 
blended in a commercial blender and deionized water was added to create a slurry with a 
solid content of 15 wt%. 200 g of this slurry was added to a 300 ml stainless-steel bench-
top reactor purchased from Parr Instruments (Model 4561) rated for use up to 20.6 MPa 
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and 350 °C. The reactor was heated using an external heating jacket and was equipped with 
a magnetic stirring drive. Two runs were carried out, one during which the food waste was 
heated to 300 °C for 50 minutes and then maintained at temperature for 1 hour before 
cooling to room temperature. Then another run was conducted during which food waste 
was heated in the reactor to 180 °C and maintained at temperature for 24 hours.   
3.2.3 Pyrolysis 
 Pyrolysis of Hydrothermal chars was conducted utilizing a tube furnace. Hydrothermal 
chars were loaded into a ceramic weight boat and then placed into tube furnace. The tube furnace 
was then purged with nitrogen for approximately 15 minutes. The tube furnace was set to a ramp 
rate of 5°C per minute and then held at set points of 150°C, 300°C or 500°C for a period of 2 
hours. 
3.2.4 Preparation of HTC pellets 
 Hydrothermal chars were pressed into pellets utilizing a standard pellet press and dye. 
Approximately 25 mg of solid carbon material was mixed with approximately 200 mg of 
potassium bromide. The resulting mixture was then ground into fine well mixed powder using a 
mortar and pestle. The mixture was then loaded into a pellet press and compressed utilizing 12 N 
of force.  
3.2.5 Raman Analysis 
Raman analysis was conducted using The Horiba LabRam Evolution utilizing an excitation 
wavelength of 532nm with a 800mm spectrometer with 600 blaze and a Synapse CCD detector. A 
50x LWD, microscope objective was used to collect the spectra. All Raman spectra were baseline 
subtracted using the LabSpec6 software and fitting were applicable was conducted using 
MagicPlot.  
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3.3 Results 
 The purpose of this study is to sufficiently demonstrate the surface graphitization of 
hydrothermal chars under normal Raman spectroscopy. Raman spectroscopy is an optical method 
that utilizes a laser to elucidate the structure of materials[76]. To properly illustrate the 
graphitization of hydrothermal chars as a concern three feedstock were used. Several studies into 
synthesis and applications of hydrothermal chars use glucose and other simple sugars as 
feedstock[22, 57, 112, 113]. However, we also needed to verify that these surface reactions are 
also possible in materials that are more complex. As a result, cellulose and representative food 
waste were chosen as additional feedstock. Table 1 lists the materials that were hydrothermally 
synthesized for this study and their reaction conditions.  
Table 3-1:List of synthesized materials and their conditions 
Material Temperature(°C) 
Residence 
Time(hours)  Weight% 
Sample 
Name 
Glucose 180 24 20 GC180 
Cellulose 180 24 20 CC180 
Foo 
waste 180 24 15 FWC180 
Food 
waste 300 24 15 FWC300 
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3.4 Discussion 
Titirici et al[25], and Latham et al.[28] derived models for hydrochar from evidence of structures 
in NMR and Synchrotron based NEXAFS respectively. Using these techniques they independently 
came to the conclusion that hydrochar is a furan rich polymer formed from the degradation of 
sugars to HMF, and subsequent polymerization of these monomer groups. As a result it has 
generally become accepted that the structure of hydrothermal char is furan rich. The NMR of 
hydrochar by Titirici et al. shows a complex molecule containing carboxylic acids, furans, arenes, 
and aliphatic groups. Contrasted with NMR spectra of biochar, which shows a highly aromatic 
material, containing very little chemical diversity[7], consisting mainly of aromatic carbon. 
Figure 2a shows the Raman spectra of a hydrothermal char synthesized from glucose sugar at 
180°C, and reacted for 24 hours. The spectra was taken using a 532nm wavelength laser with a 
power of 1.3mW. This is the typical Raman spectra attributed to hydrothermal char in the literature 
of the material. It is comprised of two peaks and a valley. Traditionally the downfield peak at 
approximately 1370cm-1 wavenumber is referred to the D peak. Ferrari et al [61, 62] have 
attributed this peak to defects in graphitic lattices. The second peak is located at approximately 
1590cm-1 and is attributed to graphene or graphene like structure. The valley at 1470cm-1 is 
attributed to Kekulé vibrations of arene rings. The sample from figure 2b is a portion of the sample 
from Figure 2a that was then pyrolysed 500°C for 4 hours. The Raman spectra of these samples 
are similar. They both possess broad peaks at approximately 1330 cm-1 and at 1585cm-1. While 
the peak at 1330cm-1 is less intense in the hydrochar sample. According to Brown et al. [110], this 
implies that Figure 2b represents the Raman spectra of a material that is more arene rich than the 
material of Figure 2a. However, these changes are very subtle, and as a result most model 
structures based purely or mostly on Raman spectroscopy have often been attributed to arene rich 
molecules with small Furan islands, as in Figure 1a. 
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Figure 3-2: (a) Raman spectra of GC180 taken at 532nm wavelength at a laser power of 1.3mW. 
(b) glucose char pyrolysed at 500°C temperature for 30 minutes. Raman laser parameters: 1.3mW, 
2 second scan time averaged over 15 scans and a 532 nm wavelength 
 Previous studies by Beyssac et al. [59] have warned on the dangers of sample 
decomposition due to thermal and photochemical effects of the laser. However, Beyssac et al. and 
Li et al. [59, 78], both practiced at powers in excess of 10mW. To quantify the heating effects we 
conducted a laser study and pyrolysis study on the same batch of glucose char. Figure 6 shows the 
Raman spectra of a batch of glucose char. Figure 6a shows the effect of the Raman laser power on 
the sample, starting at 0.013mW the laser power was increased an order of magnitude until we 
observed a change in the spectra. The Raman spectra of glucose char at 0.013 and 0.13 mW both 
show 3 distinct peaks at approximately 1290, 1500, and 1580 cm-1 respectively. The peak at 1290 
cm-1 can either be attributed to symmetric stretches of arene rings, or the stretching mode of alkene 
bonds adjacent to furans, such as bifuran or more weakly in di(furan-2-yl)methane [39]. The band 
at 1500 cm-1 can be attributed to Kekulé vibrations of arenes or the symmetric stretch of furans. 
The band at 1580 cm-1 would result from the asymmetric vibrations of arenes or furans. The main 
distinguishing factor from the Raman spectrum at 0.13mW and that of 1.3 mW is the reduced size 
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of the band at 1290 cm-1. This implies that the glucose char has no large arene islands as seen in 
the arene model, but is mostly comprised of small aromatic groups. Comparatively, the glucose 
hydrochar has more arenes than the xylose humin, and by our analysis would be approximately 
50:50 arene to furan ration.  
 Figure 3b shows the Raman spectra of the glucose hydrochar after pyrolysis, the scans were 
taken at 0.13 mW to prevent laser damage from Raman. It can be seen that the transition from 3 
band Raman spectrum to the thermally degraded material takes place in the range of 300 to 500°C. 
The location of the G band in the pyrolysed material, and that of the sample degraded by the laser 
are approximately behind. However, the D band of the laser heated material is not as strong as that 
pyrolysed material. This implies that the pyrolysis process produces a more arene rich char than 
the laser, but lasers with a power greater than 1 mW produce heat phenomenon resulting in 
graphitization on the char surface. 
 
Figure 3-3: (a) Raman spectra of GC180 taken at 0.013, 0.13 and 1.3 mW. (b) Raman spectra of 
glucose char pyrolysed at 150, 300 and 500 °C taken at 0.13 mW. 
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The exact degree of the temperature change that occurs during Raman spectroscopy clearly needs 
to be further studied. Figure 4 shows a COMSOL model of a hydrochar particle and 2 hydrochar 
pellets. Based on the COMSOL model it can be seen that the theoretical maximum temperature 
for a particle of hydrochar under the Raman laser is 1000 K, which is enough thermal energy to 
result in particles undergoing condensation reactions, as seen in figure 6. We believe that when 
spotting samples for Raman analysis, clumps of particles that are “isolated” due to a lack of a 
uniform surface on the micron order results in heating of the sample. This can be seen by the 
COMSOL model for the pellet with a 0.8 mm diameter. At this diameter it still possible to heat the 
hydrochar to 600 K, which is within the range of temperatures at which it becomes possible to 
conduct pyrolysis on the hydrochar. Based on the COMSOL model, a disk or pellet with an 8mm 
diameter and 1mm thickness is large enough to allow for the conduction of heat throughout the 
char during Raman analysis. Beyssac et al. [59], previously mentioned the importance of KBr 
pellets for Raman analysis, we have shown that these pellets are needed to produce valid Raman 
spectra of hydrothermal carbons.  
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Figure 3-4: Plot of Maximum Temperature vs Incident laser power in COMSOL as a function of 
the size of the surface. 
 Low power scans usually result in an increase of ‘noise’ in the Raman spectra. The use of 
pellets enables the use of higher laser power while reducing the effect of heat as shown in figure 
4. This is demonstrated experimentally in figure 5. Figure 5 shows the Raman spectra of the 
glucose hydrochar powder taken at approximately 0.2mW and a glucose hydrochar pellet taken at 
approximately 20mW. Taking the pellet spectra at 20mW shows no adverse effects to the Raman 
spectra of the material. The bands at 1270cm-1, 1370cm-1 and 1580cm-1 are all present. The 
relative ratios are mostly unchanged. The main benefit to observing the Raman spectrum of the 
glucose char in the form is the improvement in signal to noise. The Glucose HTC spectrum 
collected from the Glucose HTC pellet has a near infinite signal to noise ratio, while the same 
spectrum collected from the powder has a signal to noise ratio is approximately 100:1. It is 
important to note Raman spectra presented in these figures represent spectrum that have been 
acquired as stated in the methodology section, repeated 4 times for a collection of 5 spectra total 
and then averaged. The averaging of the spectra does ‘fix’ some of the noise, but the benefit of 
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using the pellet is still clear. The use of potassium bromide pellets facilitates the use of high power 
Raman spectroscopy of HTC carbons. 
  
Figure 3-5: Raman spectra of GC180. The Raman spectrum of the powder was taken at 0.2mW, 
the spectrum of the pellet was taken at 20mW. 
 A similar phenomenon to that presented in figures 3 to 5 is for glucose is presented for 
cellulose in figure 6. Figure 6 shows the Raman spectrum of cellulose hydrochar (CC180). 
Cellulose is a polymer of glucose and as a result glucose is a product of the hydrothermal 
decomposition or hydrolysis of cellulose [114-116]. For this reason, that the hydrothermal char 
synthesized from cellulose behaves similarly to that of glucose. When exposed to higher laser 
powers the powder begins to show signs of surface pyrolysis or graphitization, while the pellet 
spectrum represents a molecule with similar features to that of the glucose hydrochar. Bother 
spectra are different from that of glucose, the powder spectrum of cellulose has a lower D:G band 
ratio, while the band at 1300cm-1 is missing from the spectrum of the pellet. The D band is 
typically attributed to symmetric breathing modes of PAHs[41]. According to Ferrari and 
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Robertson[62] the D:G band ratio can be used to interpret the size of the PAH domains in graphitic 
materials. The D:G band ratio is said to increase with the size of the PAH domain and then decrease 
at a plateau. It is highly unlikely that HTC materials are sufficiently graphitic to reach said plateau 
and it is far more plausible that the high power exposed cellulose HTC has smaller PAH domains 
than that of the glucose.   
 
Figure 3-6: Raman spectra of CC180 (a) powder and (b) pellet taken at 20 mW. 
 Hydrothermal carbonization is a promising technology for the treatment and upgrading of 
food waste. The ability to characterize the product of hydrothermal carbonization becomes very 
important when specific applications are desired. The acquisition of these spectra must be 
conducted in a way to minimize surface graphitization. Figure 7 shows the Raman spectra of 
FWC180 conducted at approximately 20 mW. In figure 7a the spectrum possesses the 
characteristic D and G band seen commonly in the literature. This is consistent with the spectra of 
glucose and cellulose hydrothermal chars taken under the same conditions. Figure 7b shows the 
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Raman spectrum FWC180 taken at 20 mW, but in the form of a pellet. There are three distinct 
bands in figure 7b, one at approximately 1270cm-1, another at 1370cm-1 and finally the tallest at 
1580cm-1. These bands are in similar positions to those the glucose and cellulose hydrothermal 
chars. In both the case of the powder and pellet the food waste char is observed to have a higher 
D:G band ratio than the glucose and cellulose chars. This is consistent with the presence of larger 
aromatic domains. In figure 7b the intensity of the bands at 1270 and 1370 cm-1 can also be 
correlated with the presence of additional variations of single ring arenes. A typical example of 
such would be indole, and other nitrogen containing compounds that would be produced from food 
waste but not glucose. The identification of those bands is not covered in the scope of this work, 
and is now potentially possible using Raman analysis.  
 
 
Figure 3-7: Raman spectra of FWC180 (a) powder and (b) pellet taken at 20 mW. 
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Figure 3 clearly demonstrates that the Raman spectra obtained via examine potassium bromide 
pellets are different from Raman obtained from observation of the powder. As stated, Raman 
spectroscopy has been used in the validation of structures that possess fused arene domains, while 
NMR has been used to convey the presence of furans. Figure 8, shows the Raman spectra of the 
glucose hydrochar taken at 0.13mW fitted using the method of Brown et al.[110]. The Raman 
spectrum has 3 clear bands, one at 1240cm-1 another at approximately 1375cm-1 and at 
approximately 1580cm-1. The peak at 1240cm-1 is primarily comprised of a D band and a 
symmetric vibrations band. The positions of the bands is consistent with the presence of small 
aromatic sub-domains, furan and or arene. This position is consistent with the presence of aromatic 
domains consisting of single ring PAHs with electron withdrawing groups attached, such as 
furfuryl alcohol, hydroxymethyl furfural, and benzofuran[39]. Based on our previous work the 
band at 1370cm-1 is consistent with Kekulé mode of arenes[110].  The tallest peak at 1580cm-1 
is the result of symmetric stretches in arenes and furans. The Raman spectrum of graphene 
typically represents a G band location of approximately 1580cm-1[32, 60], and while a graphitic 
structure would be expected of materials derived from high temperature pyrolysis, this would not 
be case for HTC. HTC as stated previously has been shown to be very furan rich. The band at 
1580cm-1 is can similarly be correlated to the presence of single ring aromatics substituted with 
electron withdrawing groups such as furfural, and benzaldehyde[39, 117].  The spectrum clearly 
represents that of a molecule containing arenes and furans containing small aromatic subdomains.  
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Figure 3-8: Raman spectra of glucose hydrochar synthesized at 180°C for 24 hours, the spectra 
was collected at 20 mW and 532 nm. 
Traditionally Raman spectra of hydrochars and other carbonaceous solids are taken at wavelengths 
ranging from 500 to 1024 nm at powers ranging from 10 – 100 mW. Li et al.[78] expressed that 
obtaining the Raman spectra of hydrochars at laser powers below 10 mW was ill-advised as below 
these powers the signal to background ratio was unfavorable. Figure 9, shows the Raman spectra 
of GC180. In this experiment the Raman spectra has been conducted at 0.13mW. Figure 8a shows 
the “raw” spectra, while Figure 9b has been baseline corrected, by fitting a 2nd degree polynomial. 
The spectrum show the 3 relatively sharp peaks at 1290 cm-1, 1450 cm-1 and 1575 cm-1 
previously discussed in this work. Based on the fitting of Brown et al[110] the D/G ratio of this 
Raman spectrum is 0.505, the Kekulé/D ratio is 0.588 and the Kekulé/G ratio is 0.298. These 
factors imply a molecule that possesses a combination of arenes and furans that are mostly unfused. 
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That is, individual aromatics linked by aliphatic groups. We believe that these features are relevant 
to the structure of glucose hydrochar and are not fluorescence of the material.   
 
 
Figure 3-9: (a) Raman spectra of glucose char at 0.13mW. (b) Raman spectra of (a) baseline 
subtracted. 
3.5 Conclusion:  
The Raman spectra of hydrothermal char was demonstrated to be highly sensitive to the power of 
the exciting laser utilized during measurement of the spectra. When exposed to laser powers below 
1mW hydrothermal char Raman spectra were demonstrated to possess three distinct peaks. While 
the Raman spectra typically associated with hydrothermal char was demonstrated to be more 
consistent with a material that has undergone pyrolysis. Surface graphitization was tested by 
experimental analysis and via COMSOL Multiphysics simulation. Further it was shown that this 
surface graphitization is a potential occurrence in hydrothermal chars derived from complex 
feedstock such as cellulose and food waste.  
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Two methods for mitigating the effects of surface graphitization were presented in this work. 
Conducting the spectroscopy of hydrothermal chars under lower laser powers is an obvious 
solution but results in poor signal to noise ratios that can be problematic for older Raman systems 
and complex materials such as food waste derived materials. Potassium bromide pellets proved to 
be effective solutions for this problem. The Raman spectra of glucose hydrothermal chars collected 
from pellets or low power were also found to be more consistent with the interpretation of the 
structure of hydrothermal char described by NMR and NEXAFS. 
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Chapter 4 Structural kinetics of Glucose based Hydrothermal 
Char Formation by Raman Spectroscopy 
Avery Browna, Dennis Jungb, Jens Pfersichb, Andrea Kruseb, Michael Timkoa 
a Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, 
USA. 
b Department of Agricultural Engineering, Hohenheim University, Schloß Hohenheim 1, 70599 
Stuttgart, Germany 
Abstract: 
Hydrothermal carbonization is a popular method of producing experimental materials using 
biomass of biomass derived feeds such as sugars. To maximize the potentials of these feedstock a 
stronger understanding of the kinetics of these feeds is needed. In this work we examine the 
changes in the solid yield, and liquid composition of glucose based hydrothermal chars. We further 
examine capacity of Raman spectroscopy as a means of elucidating potential structural changes in 
the material. The solid yield, liquid composition and Raman derived structure were found to be 
largely constant at thermal conditions over 220°C or in the presence of acid. Under mild conditions 
the solid yield was shown to slowly increase as a function of time, while in the liquid the 
consumption of glucose to produce small organic acids was observed. The Raman spectra of these 
mild condition samples was shown to imply a reduction in the relative furan to arene ratio as the 
chars developed phenolic type structures.  
4.1 Introduction: 
Hydrothermal carbonization[118] has recently risen as an simple and effective tool for the 
upgrading of waste biomass to useful carbon materials. The process has been applied as a means 
of upgrading biomass as a solid fuel, Marin-Batista et al.[119] demonstrated this by upgrading 
micro-algae biomass via hydrothermal carbonization. The process resulted in an increased HHV 
resulting from a higher carbon content. Hydrothermal carbonization has also been used to generate 
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bio-materials for soil amendment[45, 120-122], but there are concerns about the added soil toxicity 
that arises from adding char materials to soil considering the volatile organic matter that 
accompany them[123-125]. 
Recently there have studies into the applications of hydrothermal carbonization as a means 
producing novel bio-materials such as gas storage[96] or capacitors batteries[48].  
Saning et al.[126] conducted hydrothermal carbonization on water hyacinth biomass. The solid 
products of the reaction were activated with potassium hydroxide and iron chloride by mixing the 
solid with solutions of the materials and then drying and pyrolyzing. The resultant solids were 
found to have organic adsorbent properties on order of 300 mg of organic per gram of carbon 
material (524.20 mg g−1 of methylene blue, 425.15 mg g−1 of methyl orange and 294.24 mg g−1 
of tetracyline) The liquid product was dried and mixed with KOH, this mixture was then pyrolyzed 
to produce a solid with a surface area of 2545 cm2g-1 and capacitance of 100 Fg-1.  
Another interesting application of hydrothermal carbonization is production complex polymers via 
one step reactions[97, 100, 127]. Keerthana et al.[128] utilized hydrothermal carbonization to 
convert chitosan and acetic acid into carbon dots, Demir-Cakan et al.[97] utilized acrylic acid and 
glucose to produce materials for the adsorption of cadmium.  
When attempting to make materials for energy or gas storage applications high surface areas are 
clearly desired, and a capacitance is desired for energy storage. It has been clearly demonstrated 
throughout the literature that hydrothermal carbonization can be used to produce materials with 
the desired materials, but there is a clear knowledge gap in the understanding of when the 
properties arise in the hydrothermal char. Previous work has shown that while hydrothermal char 
is initially a furan rich molecule[15]. Falco et al.[26] demonstrated that in the case of glucose based 
hydrothermal chars there is NMR evidence for a transition from furan rich molecules to molecules 
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containing a somewhat even distribution of arenes and furans for reactions with residence times 
longer than 24 hours. When choosing a material for gas storage or capacitance high surface areas 
are desired. In addition, materials that approximate closely to graphite are becoming more 
desirable every day. The potential of using hydrothermal carbonization as a means of creating 
arene rich, potentially graphitic, materials is a strong motivator in the field. As a result kinetic 
studies that outline the changes in the material as a function of reaction time and temperature and 
very important[129]. These studies allow academic and industry scientists and engineers to 
maximize the yields of their materials, and to properly choose reaction conditions to produce the 
desired structural motifs that allow tailoring materials to the given application.  
The objective of this work is to examine the structural and chemical changes that occur in 
hydrothermal char synthesized from glucose using Raman spectroscopy. Raman spectroscopy has 
been chosen as a means of observing the structure of the material due to its potential analyze 
samples quickly, and the low comparative cost of the instrument to other spectroscopic techniques. 
As previously mentioned, hydrothermal carbonization is used a tool for the one step synthesis of 
complex molecules, a common additive in hydrothermal carbonization is acid. The addition of 
acid is often used to allow for faster decomposition of complex biomass[14, 16, 130, 131] during 
hydrolysis, however it previously stated that the addition of acid has profound structural effects on 
the formation of hydrothermal chars[97, 132, 133]. For this reason, the effect of acid concentration 
on the kinetics of hydrothermal char formation was also studied. 
4.2 Methodology 
4.2.1 Materials: 
D-(+)-Glucose (≥99.5%), and Hydrochloric acid, (pure, fuming, 37% solution in 
water) used in the synthesis of hydrochars was purchased from Fisher Scientific. Prepared 
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hydrochar samples from the Master’s Thesis of Brendan McKeogh were prepared using the 
procedure outlined in the author’s previous study[110]. 
4.2.2 Hydrothermal char Preparation 
HTC solutions were prepared utilizing 20 wt% solutions of glucose in water. Glucose 
solutions were prepared with deionized water to make up 50 ml of solution.  For 
experiments where acidity was tested the HTC solutions were adjusted to a total molarity 
of 0.16 or 0.016 M hydrochloric acid solution by the drop wise addition of HCL via pipette. 
After the solutions were prepared 7 grams of solution was added to a 10 ml stainless steel 
autoclave. Up to 6 of the autoclaves were put in a row into a disused gas chromatograph 
oven with a functioning heating system. The heating phase of the system was measured to 
be approximately 40 minutes. For this reason, all residence times are recorded based on the 
assumption that t=0 occurred after 40 minutes of initial heat up.  
4.2.3 HPLC 
A HPLC analysis is carried out using a Shimadzu Prominence System equipped with a refractive 
index detector and a BioRad Aminex HPX-87H column (300 × 7.8 mm I.D.). The measurements 
are performed isocratically with 4 mM aqueous sulfuric acid as the eluent at a flow rate of 0.6 
mL/min and an oven temperature of 35 °C. 
Prior to each measurement, the samples were filtered through a syringe filter. A dilution was not 
necessary. The injection volume was 30 µl per analysis. 
4.2.4 Raman spectroscopy 
Raman analysis was conducted using The Horiba LabRam Evolution utilizing an excitation 
wavelength of 532nm with an 800mm spectrometer with 600 blaze and a Synapse CCD 
detector. A 50x LWD, microscope objective was used to collect the spectra. All Raman 
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spectra were baseline subtracted using the LabSpec6 software and fitting were applicable 
was conducted using MagicPlot.  
4.3 Results: 
 Figure 1 outlines the percentage yields of hydrothermal char under a range of 
temperatures, reaction times and acid concentrations. For the conditions where no acid was 
used the percentage yield of hydrochar generally increased to a plateau of approximately 
0.42%. The rate of increase of this yield increased with increase in temperature. This is 
consistent with previous studies[22, 129] in the field.  Based on these results the final char 
yield is a stronger function of residence time at low temperatures. This is demonstrated for 
the reaction at 200°C where the gradient for yield vs time is the lowest. The final yield at 
300 minutes was able to overcome the plateau present in the higher temperatures, however 
this is the only time point at which the experiments conducted at 200°C approach the 0.42% 
plateau observed in the other data series. At higher temperatures the yield is a stronger 
function of temperature. This is especially true for reactions taking place at 260°C where 
the yield is nearly constant for the duration of the experiment.  
For the experiments were acid was added the yields plateau at a higher rate, and this plateau 
is viewable even at 200°C. When the acid concentration was set to 0.016 M for a 
temperature of 200°C the yield was observed to plateau after 90 minutes. When the 
temperature was set 220°C was observed after 30 minutes. For all other temperatures the 
reactions seemed to reach their plateau during the initial heat up of the reactor. When the 
acid concentration was raised 0.16 M the reaction holding time ceased to be a contributing 
factor to the final char yield at all temperatures. This is consistent with the addition of acid 
resulting in an increase reaction rate of char formation.  
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Figure 4-1:Percentage yield of hydrothermal carbonization of glucose at 200, 220, 240 and 260°C 
as a function reaction time at hydrochloric acid concentrations of 0, 0.016 and 0.16 M. 
 Hydrothermal carbonization is thought of as a polymerization reaction of organic 
acids and sugars that originate from the liquid phase[15, 17]. Liquid chromatography was 
used to examine and track the presence of compounds in the oil phase products of 
hydrothermal carbonization. Figure 2 shows the HPLC data from the kinetic study of 
hydrothermal char at 200°C. At 200°C, in the absence of acid the steady decrease of glucose 
concentration is clearly observable. Glucose is converted into organic acids such as 
hydroxymethylfurfural furfural, and propionic acid. These acids are then converted over 
time. HMF concentration increased initially with time then was observed to decrease, this 
implies that the formation of HMF initially occurred at a higher rate than its consumption. 
This changed approximately 30 minutes after the initial reaction start-up. The concentration 
of lactic acid was shown to decrease over the entire reaction. This implies that the initial 
formation of lactic acid occurred during reaction start-up, this lactic acid was then 
consumed at a higher rate than it was produced for the measured portion of our reaction. 
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The concentration of levulinic acid was observed to increase throughout the reaction. This 
implies that the formation of levulinic acid was greater than its consumption.  
  
 
Figure 4-2: Components of hydrothermal carbonization oil phase by HPLC 
The addition of acid to the system accelerated the consumption of glucose and the 
production of formic acid and levulinic acid. The concentration of glucose did not arrive 
near 0 units during the reaction in which acid was not used but arrived near 0 at 
approximately 120 minutes when 0.016 M of HCL was applied to the solution. The 
concentrations of formic acid and levulinic acid arrived at near constant values of 0.4 and 
0.3 units respectively at approximately 60 minutes.  
For the experiments where HCL concentration was initiated at 0.16 M the consumption of 
glucose was near instant with glucose concentration becoming approximately 0 units after 
30 minutes. This was accompanied by the formation of formic acid and levulinic acid. 
Throughout the recorded reaction formic acid maintained a concentration of 0.6 units, and 
levulinic acid slowly rose to the same concentration form an initial observed concentration 
of 0.5 units.  These results are consistent with the results seen from the mass yields of 
hydrochar.  
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Figures 3 and 4 show the Raman spectra of hydrothermal chars separated according to 
reaction time, temperature and acid concentration. Raman spectra were collected using 
potassium bromide pellets to reduce the heating effect of the laser. In addition 5 spectra 
were collected for each sample and then averaged to further reduce noise.  
 
Figure 4-3: Raman spectra of glucose hydrochar synthesized at (a) 200°C 0 MHCL, (b) 200°C 
0.016 M HCL and (c) 200°C and 0.16 M HCL 
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Figure 4-4: Raman spectrum of glucose hydrochars produced at (a) 200, (b) 220, (c) 240 and (d) 
260°C. 
A significant challenge of Raman analysis of hydrothermal chars is sample heterogeneity. 
The intention of sampling a particular material multiple times with the Raman microscope 
is intended to address the issue of noise, while also attempting to arrive at a spectrum that 
represents the average structure of the material. Figure 5 demonstrates the importance of 
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collecting several sample spectra during the spectroscopy of hydrothermal char. Figure 5 
shows pictures of the glucose hydrothermal char powder of the sample that was synthesized 
at 200°C and 0.016 M HCL. Figure 5(a) and (c) show the microscope image and 
corresponding Raman spectrum of a portion of the sample that possesses a clear red tint. 
This spectrum possesses a strong peak at 1400cm-1, a valley at 1300cm-1 and narrow G 
band. These features in addition to the red coloration are consistent with furan rich 
molecules. Figure 5(b) and (d) show microscope image and corresponding Raman spectrum 
of a darker portion of the sample. This portion of the sample is visually more typical of 
char and the representative spectrum possesses a broader G band, and the valley at 1300cm-
1 is relatively less evident than in figure 5(c). The implication is that scanning location can 
greatly impact the perceived spectra of the material. In the case were potassium bromide 
pellets are used the user is made blind to these effects. To overcome this ‘blindness’ a broad 
selection of scanning areas must be used. 
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Figure 4-5: Raman spectra and microscope image capture of glucose hydrochar (a)(c) microscope 
image and corresponding Raman spectrum of ‘red’ hydrochar. (b)(d) microscope image and 
corresponding Raman spectrum of ‘black’ hydrochar. 
4.4 Discussion 
It is generally accepted that hydrothermal char is a highly varied material with a structure 
that varies as a function of feedstock and reaction conditions. Previous work by Titirici[26] 
and Sevilla[22] has shown that the molecular structure of the material is quite stable over 
the course of long reactions. In figure 6 we examine the changes in composition of the 
Raman spectrum of the glucose hydrochar samples. The fitting method used is described in 
full in the previous work[110]. Based on the Raman results we can make inferences on the 
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relative furan versus arene content of the hydrothermal chars. Based on our current 
understanding of the origins of hydrothermal char Raman bands no bands can be clearly 
separated as being derivable solely from arene or furan content of the char. However, our 
current understanding does tell us which bands are stronger in arenes versus furans and vice 
versa. From our previous work we know that the Furan/Kekulé band is strongly correlated 
to the presence of furan in the molecule. While arenes due possess a Kekulé mode they are 
usually weak in comparison to the furan symmetric stretch that occurs in the same position. 
We are also aware that the D band, when fit at approximately 1350-1370cm-1 correlates to 
the symmetric vibrations of arene, and while furans do possess a carbon-carbon stretch in 
this range it is generally weak.      
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Figure 4-6: Composition of Raman spectra based on fitting of Brown et al.(26).Key:  BR-Breathing 
ModeR, Asm-asymmetric breathing, D-D band, G-G band, GR-GR band, Other-summation of 
aliphatic and oxygen content. 
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Further evidence of the need for a higher sampling number of the Raman spectra is the 
outliers present at 200°C 0.016M HCL 120 minutes, and the sample from 200°C 0M HCL 
150 minutes. These samples show sharp deviations from the other samples in their series, 
and while these deviations may be due experimental error, the possibility of spatial variance 
cannot be ruled out at this time.  
From figure 6 we observe that furan content of the hydrothermal char decreases as a 
function time. This is illustrated by an apparent increase in the intensity of the D band 
accompanied an apparent rise in the intensity of the furan band. These changes are small 
and form a trend in the series of experiments conducted at 200°C and 0 M HCL. Overall 
the Raman spectra are largely similar. This maybe a function of our reactions being too 
short to change the overall molecular structure of the material. In addition, we believe that 
sampling as shown in figure 5 may create noise in our analysis. 
Figure 7 is a plot of the ratio of the area of the furan band divided by the area of the D band, 
the ratios were then normalized to the furan to arene ratio of 220°C 0M HCL 0-minute 
sample (the sample with the largest individual furan to arene ratio). From this plot we get 
a clear picture of both the variance of the material observed at mild reaction conditions and 
the relative stability of the samples synthesized at more intense conditions. At 200 and 
220°C we observe a large initial furan to arene ratio that lowers over time. The apparent 
noise and scatter may arise due to a need to refine our Raman method or due to the spatial 
variance shown in figure 5.  
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Figure 4-7: Normalized Furan/D band ratio for all samples. 
4.5 Conclusion 
Several glucose based hydrothermal chars were synthesized with the aim of producing a 
better understanding of the kinetics of the structure of the material based on changes 
observed in the Raman spectra. Based on the yields of solid and composition of the liquid 
samples generated during hydrothermal carbonization it was observed that the reactions 
conducted at 200°C without acid, showed changes as a function of reaction time. In these 
materials as glucose was consumed more char was formed. When the reaction conditions 
were increased to 240°C the reaction yields became nearly constant along all sample times. 
The same was observed for processes where the reaction temperature was kept at 200°C 
but acid was used. This showed that hydrochar yield was a strong function of temperature, 
a strong function of acid concentration and a moderate function of reaction time.  
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The Raman spectra of the materials were analysed and demonstrated that in the case of 
these reactions the Raman spectra show clear spatial differences, and as a result greater 
sampling would be needed to make strong conclusions on the structural changes on the 
basis of Raman. However, it was clear that changes we observed were consistent with the 
results of yield of solid and liquid composition. Under mild conditions the glucose 
hydrochar structure is actively changing supposedly towards a more arene rich structure. 
At more intense conditions the structure remains largely unchanged in the time-frames in 
which we collected samples. More Raman spectra of the samples need to be collected as a 
means of averaging out the noise caused by spatial heterogeneity of the samples. In 
addition, the Raman method will benefit greatly from the addition of NMR comparison as 
a means of refining our current understanding of the Raman bands.  
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Chapter 5 Conclusions and Recommendations 
Conclusions:  
Throughout this work Raman characterization of hydrothermal chars has been explored 
and expanded. In chapter 2 the origin of the bands that comprise the Raman spectra of 
hydrothermal chars were elucidated using Density Functional Theory. By simulating the Raman 
spectra of more than 100 polycyclic arenes and furans we developed a fitting method for the Raman 
spectra of hydrothermal char. We further examined the trends in the location and relative 
intensities of 3 of the core bands/vibrational mode types that comprise the Raman spectra PAHs, 
as function of the size aromatic domain and furan vs arene. From these results we were able to 
determine that a hydrochar consistent with that observed by NMR and NEXAFs (a furan rich 
model) could theoretically be responsible for the D and G band representation of hydrothermal 
char. It was concluded however that a structural with arenes domains on the order of 6 to 8 ring 
arenes with oxygenated alkyl groups was most consistent with the Raman spectra of hydrothermal 
char. 
The potential destructive power of Raman spectroscopy for the characterization of 
hydrothermal char was studied. It was determined that the Raman laser of the Horiba Multiline 
Raman utilized in previous experiments possesses an out-going laser power capable of producing 
surface pyrolysis on the surface of the chars. While at high laser powers the Raman spectra of 
hydrothermal char was observed as two broad peaks consistent with the literature and the 
assumption of an overall arene rich material as presented in chapter 2, it was demonstrated that by 
conducting the Raman characterization at laser powers of approximately 0.1mW the Raman 
spectrum observed possessed three distinct peaks with locations implying the presence of furan 
rich molecules. The Raman spectra of glucose hydrothermal char was conducted at low laser power 
and high laser power and compared to the Raman spectra of glucose hydrochars that were treated 
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via pyrolysis at various temperatures. The observed high power exposure of glucose hydrochar 
was confirmed to be consistent with the exposure of glucose hydrochars to pyrolysis conditions of 
300°C. These changes were further confirmed to occur in chars made from materials more 
chemically diverse and stable as feeds than glucose, cellulose and model food-waste. It was 
proposed that the Raman spectra of hydrothermal chars utilizing either low laser powers of less 
than 1mW or with the hydrothermal char compacted into the form of potassium bromide pellet. 
The use of KBr pellets allowing for the collected of Raman spectra at high laser powers hence 
reducing noise.  
These methods were applied to the study of the structural kinetics of glucose hydrothermal 
char as a function of temperature, time and acid concentration. Solid yields, liquid compositions 
and Raman spectra results showed strong agreement in the observation that hydrothermal char is 
structure is largely at temperatures over 220°C in the timeframe that was measured. At lower 
temperatures the solid yield was found to increase similarly to the observed decrease in glucose 
concentration as a function of reaction time.  Similarly, it was observed that at temperatures of 200 
and 220°C the furan to arene content of the hydrothermal chars was shown to vary greatly as a 
function of reaction time. Micron level spatial differences in the Raman spectra of hydrothermal 
char were also observed.  
Recommendations  
Through the efforts of this work we have demonstrated that Raman spectroscopy can be 
utilized to characterize the structure of hydrothermal char. Raman analysis can clearly distinguish 
furan rich and arene rich chars. However, more robust techniques such as NMR spectroscopy are 
still needed to confirm the presence of these furans. A deeper understanding of how the Furan to 
arene ratio of hydrothermal chars is represented in Raman is also needed. To properly address this 
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NMR spectra of hydrothermal chars should be collected and used to elucidate the fine details of 
the structure of hydrothermal char samples. Utilizing Density Functional Theory the theoretical 
vibrational spectra of the observed motifs can be simulated as a means of refining our 
understanding of the Raman spectra. Similarly the furan to arene ratio of derived from Raman 
spectroscopy can be compared to that of NMR again in this way we can ‘correct’ our method and 
refine using NMR as a baseline.  
The observed spatial diversity in hydrothermal chars in chapter 4 imply that further method 
development is needed on the proper procedure for the collection of Raman spectra of 
hydrothermal char. This spatial heterogeneity should be studied as a function of reaction 
temperature and time. It is reasonable to assume that the apparent heterogeneity will decrease as 
temperatures increase or as reaction times become longer.    
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Chapter 6 Appendix 
Supplementary Information: Structural Analysis of hydrothermal char and 
its models by vibrational spectroscopy 
 
A. B. Brown, B.J McKeogh, G. A. Tompsett, R. Lewis, N. A. Deskins, M. T. Timko 
The Supporting Information contains information on the PAH compounds considered in this 
study (Table SI-1) and their simulated band locations (Table SI-2). Additionally, representative 
PAH spectra are provided in Figure SI-1; representative functionalized naphthalene spectra are 
shown in Figure SI-2; and representative furan, quinone, and partially hydrogenated PAH spectra 
are shown in Figure SI-3. Table SI-4 compares simulated and experimental Raman spectra of 
benzoquinone, benzofuran, dibenzofuran and 9,10-dihydroanthracene. 
 
Table 6-1:Arene molecules simulated in the current work. 
Molecule  Structure Molecular Formula Planes of Symmetry 
Benzene 
 
 C6H6  7 
Naphthalene 
 
 C10H8  3 
Anthracene 
 
 C14H10  3 
Tetracene 
 
 C18H12  3 
Pentacene 
 
 C22H14  3 
Hexacene 
 
 C26H16  3 
Heptacene 
 
 C30H18  3 
Chrysene 
 
C18H12 1 
Triphenylene 
 
C18H12 4 
Pyrene 
 
 C16H10 3 
Perylene 
 
C20H12 3 
Benzo[a]pyrene 
 
 C20H12 1 
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Molecule  Structure Molecular Formula Planes of Symmetry 
Benzo[ghi]perylene 
 
 C22H12 1 
Coronene 
 
 C24H12 7 
Ovalene 
 
 C32H14  3 
 
Table 6-2: Vibrational data of arenes and functionalized arenes (position in cm−1). 
Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Benzene 985.7 1166.7               1599.7   
Naphthalene 1019.8 1141.3 
  
1368.5 
 
1458.1 
  
1574.6 1630
.9 
  
 
1234.3 
         
Anthracene 1005.1 1181.5 1259.5 
   
1395.1 
 
1554.5 1584.5 1627
.8 
  
      
1483.2 
    
Tetracene 997.2 1175.6 1197.2 
 
1378.6 
 
1393 
 
1538.9 1606.3 1623
.2 
  
      
1446.8 
    
Pentacene 994.1 1171.7 1181.1 
 
1377.5 
 
1401.1 
 
1518.1 1592.7 1631
.8 
  
      
1460.2 
 
1539.2 
  
Hexacene 991.5 1152.6 1241.6 
 
1371.2 
 
1385.6 
 
1507.9 1575.4 1586
.9 
  
 
1169.5 
    
1396.5 
 
1540.2 
 
1634 
  
 
1171.5 
    
1443.1 
    
Heptacene 990.2 1150.6 
  
1364.5 
 
1387 
 
1500 1558.4 1603
.8 
  
 
1163.7 
    
1401.2 
 
1538.9 
 
1633
.6 
  
 
1168 
    
1451.4 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Chrysene 1005.2 1157.3 1217.9 
 
1356.1 
 
1427.7 
 
1565.6 1608.3 1619
.6 
  1034.1 1176 1243.6 
 
1361.2 
      
Triphenylene 1062.1 1161.8 1218.8 
 
1329.1 
 
1430.8 
 
1551.1 1609 
 
  
  
1241.3 
 
1335.8 
 
1445.5 
 
1577.8 1584.3 1628
.9 
Pyrene 1063.1 1093 1232.2 
 
1392.1 
 
1400.4 
    
  
 
1137 
    
1558.8 
    
  
           
Perylene 964.3 1139.4 1214 
 
1361.4 
 
1436.3 
  
1564.21 1618
.7 
  1098.8 
     
1450.6 
    
  
      
1520.1 
    
Benzo[a]pyrene 969 1146.9 1209.2 
 
1316.3 
 
1402.8 
  
1561.8 1614
.4 
  1012.9 1173.5 1231.9 
 
1341.2 
 
1404.3 
  
1576 1628
.8 
  1097.3 1192.9 1261 
 
1368.9 
 
1417.7 
  
1594.3 
 
  
         
1600.7 
 
Benzo[ghi]peryle
ne 
973.8 1151.12 1216.5 
 
1368.5 
 
1397.4 
  
1583.6 1616
.4 
  1077.8 1182.2 1248.22 
   
1432.2 
  
1596.84 
 
  
  
1285.8 
   
1475.6 
    
  
      
1491.4 
    
  
      
1505.5 
    
Coronene 978.3 1127.5 1212 
 
1341.3 
 
1444.4 
  
1600 
 
  1019.2 
 
1217.4 
      
1610.9 
 
Ovalene 1030.8 1131.9 1206.8 
 
1349 
 
1427.2 
  
1595.2 1611
.1 
  
 
1139.2 1246.3 
   
1462.2 
    
  
 
1187.4 
    
1477.7 
    
13 ring PAH 969.8 1142.7 1194.9 
 
1322.8 
 
1383.3 
 
1481 1584.5 1601
.1 
 
1044 1169.5 1201.3 
 
1349.5 
 
1388.8 
  
1611 1616
.1 
 
1086.8 
 
1244.4 
 
1360.6 
 
1396.2 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
 
1095.2 
     
1438.1 
    
16 ring PAH 1036.5 1134.7 1151.6 
 
1310.5 
 
1382.9 
 
1488.1 1572.1 1622
.8 
 
1054.6 1151.6 1186.4 
 
1329.1 
 
1385.4 
 
1530.7 1587.2 
 
  
1162.1 1199.5 
 
1355.1 
 
1385.7 
  
1590.9 
 
  
1186.4 1263.2 
 
1372.9 
 
1426.9 
  
1606.4 
 
  
1199.5 
    
1454.4 
    
Methyl-
naphthalene 
1014.6 1164.1     1370.6 1393.3 1430.8 1465.4   1570.5 1631
.3 
  
      
1467.8 1473 
   
Methyl-
anthracene 
1002.4 1164.8 1258.4 
 
1369.3 1380.3 1391.6 1465.9 1547.1 1559.1 1584
.7 
  1021.2 1190 
    
1399.2 1469.3 
  
1620
.3 
  
      
1484.6 
    
Methyl-tetracene 962.3 1179.3 1211.3 
 
1392.2 1372.7 1399.6 1461.6 1555.7 1606 1621
.9 
  996.6 1190.5 
   
1382.4 1421.1 1478.7 1542.3 
  
  1036.2 
    
1395.5 1445.5 
    
  
      
1461.3 
    
Methyl-pentacene 995.04 1137.5 1185 
 
1322.9 1391.4 1383.1 1463.3 1521.6 1583.6 1630
.3 
  1037.5 1153.7 1199.1 
 
1381.3 
 
1400 1475.4 1540.3 
  
  
 
1160.5 
    
1409.5 
    
  
      
1459.3 
    
Methyl-hexacene 991.4 1118 1174.8 
 
1324.6 1384.7 1387.3 1463 1510.9 1568.5 1633
.4 
  995.22 1130.7 1180 
 
1370.3 1387.3 1398.6 1465.1 1513 
  
  1037.3 1152.7 1199.9 
 
1376 1398.6 1408.8 
 
1538.2 
  
  
 
1156.7 
   
1408.8 1435.8 
 
1541.8 
  
Methyl-heptacene 959.8 1152.8 1221.1 
 
1348.4 1389.8 1387.1 1460.4 1500.8 1553 1602
.8 
  990 1164.9 
  
1365.8 1402.4 1389.8 1477.9 
 
1559.2 1630 
  1034.4 1168.8 
    
1402.4 
   
1632
.5 
  1057.6 1180.6 
    
1447.4 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Methyl-chrysene 1029.5 1156.4 1224.3 
 
1349.6 1396.7 1403.2 1465.7 
 
1567.9 1605
.6 
  1050.4 1181.3 1277.1 
 
1352.8 1403.2 1424.3 1479.3 
  
1613 
  1078.3 
 
1318.9 
 
1358 
 
1433.1 
   
1619 
  1119.3 
          
Methyl-
triphenylene 
1056.7 1161.6 1216.6 
 
1329.9 1393.7 1404.6 1461.7 1546.2 1577.9 1619
.6 
  
 
1166.8 
  
1332.1 
 
1433.9 1471.4 1573 1608.1 
 
  
    
1338.3 
 
1445.9 
  
1610.2 
 
Methyl-pyrene 1053.2 
 
1228.7 
 
1360.8 1388.8 1401 1464.5 1548.8 1581.6 1626
.8 
  1089.2 
 
1236.1 
 
1370.6 1401 
 
1469.6 
 
1593 
 
Methyl-perylene 965 1137 1193 
 
1350 1394 1424 1435 1515 1551 1591 
  1047 1149 1209 
 
1355 
 
1435 1443 
 
1575 1602 
  1078 
 
1222 
   
1443 1456 
  
1615 
  
  
1238 
   
1456 1472 
   
  
  
1278 
    
1479 
   
  
           
Methyl-
benzo[a]pyrene 
1018 1148.2 1199.5 
 
1318.7 1393.6 1403 1465.2 1557 1576.2 1629
.6 
  1097.7 1174 1207.7 
 
1341.5 
 
1413.2 1475.2 
 
1594.2 
 
  
  
1232.8 
 
1368.5 
 
1424.5 
  
1600.7 
 
  
  
1262.8 
   
1490.2 
  
1616.5 
 
Methyl-
benzo[ghi]peryle
ne 
953.3 1145.7 1234.7 
 
1352.5 1393.1 1428.8 1465.3 1578 1597 1615
.7 
  1032.3 1159.8 1250.1 
 
1374.1 1397.3 1488.9 1473.8 
   
  1084.6 1186.8 1289 
 
1387.6 
      
  
  
1301.3 
        
Methyl-coronene 988.9 
   
1337.9 1390.1 1440.6 1461.7 
 
1600.3 
 
  1066.9 
    
1394.9 1448.7 1472 
 
1607.4 
 
  
         
1610.9 
 
  
         
1611.9 
 
  
         
1614.7 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Methyl-ovalene 960.7 1133.4 1172 
 
1301.9 1389.4 1389.4 1460.1 
 
1594.5 1612
.8 
  1040.3 1135.2 1211.9 
 
1316.7 1392.6 1404.4 1475.4 
 
1611.6 
 
  1088.1 1150.1 1248 
 
1349.8 
 
1429.5 1499.3 
   
  
  
1259 
 
1364 
 
1433.7 
    
  
      
1460.4 
    
  
      
1475.4 
    
Methoxy 
naphthalene 
1018.1 1139.6   1235.
6 
1371.6   1393.5 1464   1579.1 1626
.8 
  1066.6 1144.4 
 
1265 
  
1439.2 1467.4 
   
  
 
1187.3 
    
1464 1482.9 
   
Methoxy 
anthracene 
1003.8 1166.3 1253.8 1210.
2 
1376.1 
 
1443.9 1443.9 
 
1560 1583
.5 
  1057.9 1182.8 
  
1399.2 
 
1459.8 1459.8 
  
1626 
  
      
1477.5 1467.3 
   
  
       
1477.5 
   
Methoxy 
tetracene 
996.6 1158.7 1195.7 1230.
2 
1376.4 1384.2 1454.2 1454.2 1542.1 1605.9 1621
.6 
  
 
1178.6 1230.2 
 
1384.2 
 
1462.7 1462.7 1549.7 
  
  
 
1183.8 
  
1393.4 
  
1466.8 
   
  
    
1402.4 
  
1484.2 
   
  
    
1427.6 
      
Methoxy 
pentacene 
993 1157.6 1240.5 1094.
8 
1374.8 1382.3 1403.8 1452.4 1519.2 1593.1 1631
.8 
  1051.3 1173.5 
 
1240.
5 
1382.3 1386.8 
 
1455.2 1539.9 
  
  1094.7 1176.6 
  
1386.8 1403.8 
  
1546.5 
  
Methoxy 
hexacene 
991.1 1170.1 1218.9 1049.
7 
1346.3 1389.1 1389.1 1450.5 1509.1 1576.3 1608
.4 
  1049.7 1170.9 1248.2 1095.
5 
1371.5 1404 1397.6 1452.1 1546.2 
 
1628
.5 
  1095.5 1182.5 1279.9 
 
1382.3 
 
1404 1467 
  
1632
.8 
  
    
1385.4 
 
1436.2 1482.4 
   
  
      
1450.5 
    
  
      
1493.4 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Methoxy 
heptacene 
990 1093.1 1287.1 1048.
8 
1350.7 1386.3 1386.3 1451.7 1500.7 1545 1602
.9 
  1048.8 1098.1 
 
1093.
1 
1366.7 
 
1390.2 1467.2 
 
1559.6 1630
.1 
  
 
1152.8 
 
1098.
1 
1381.2 
 
1403.6 1481.5 
  
1632
.2 
  
 
1156.8 
 
1232.
2 
  
1447.8 1484.6 
   
  
 
1164 
 
1241.
2 
       
  
 
1168.6 
         
Methoxy pyrene 1019.1 1138.8 1232.1 1019.
1 
1382.7 1400.5 1400.4 1469.2 1583.2 1627.2 
 
  1070.5 
 
1255.3 1070.
5 
  
1409.5 1480.7 
   
  1095.3 
     
1486.5 1486.5 
   
Methoxy 
chrysene 
1023.9 1130 1223 1258 1320 
 
1408 1422 
 
1569 1605 
  1076 1176 1245 
 
1352 
 
1429 1429 
   
  
 
1193 
  
1353 
  
1467 
   
  
    
1364 
      
  
    
1408 
      
Methoxy 
triphenylene 
1016 1118 1217 
 
1303 
 
1403 1427 1575 1600 
 
  1061 1175 
  
1335 
 
1427 1461 
 
1607 
 
  1098 1177 
  
1336 
 
1436 1470 
 
1611 
 
  
 
1200 
    
1461 
    
  
      
1553 
    
Methoxy perylene 966.9 1151.9 1236.6 1037 1337.1 1437 1428.2 1455.3 
 
1551.3 1615
.1 
  
 
1165.3 1278.2 1091.
2 
1351.2 1438.5 1437 1461.2 
   
  
 
1185.6 
  
1351.9 
 
1438.5 1471 
   
  
      
1455.3 1482 
   
  
      
1461.2 
    
  
           
Methoxy 
benzo[a]pyrene 
1018.7 1163.2 1194.9 1168.
6 
1318.7 
 
1404.1 1457.7 1501.1 1571.6 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
  1088.2 1168.6 1225.6 1088.
2 
1339.7 
 
1406.5 1468.2 
 
1600.3 
 
  1105 
 
1233.7 
 
1362.6 
 
1467.4 1481.3 
 
1613 
 
  
         
1627.6 
 
Methoxybenzo[g
hi]perylene 
975.5 1139.8 1217.1 1139.
8 
1370.3 1374.6 1401.4 1414.1 1504 1583.9 1623
.2 
  1043.6 1155 1271.2 1143.
5 
1374.6 
 
1414.1 1450.6 1510.2 1594.2 
 
  1080.4 1179.7 1290.1 
 
1382.4 
 
1431.7 1466.6 
 
1596.1 
 
  1085.4 1183.7 1311.3 
   
1476.7 1476.7 
 
1614.4 
 
  
      
1497.8 1480.8 
   
  
       
1497.8 
   
Methoxy 
coronene 
981.3 1160.4 
 
1113.
5 
1339.8 1427.6 1394.4 1468.3 
 
1597.9 1611
.7 
  1005.3 1180.5 
  
1345.7 1437.7 1402.3 1481.5 
 
1608.2 1612 
  1033.5 1186.6 
   
1442.7 1427.6 
  
1609.6 
 
  
      
1437.7 
    
  
      
1442.7 
    
  
      
1483.2 
    
Methoxy ovalene 987.4 1128.5 1194.5 1145.
9 
1346.1 1378.1 1394.4 1428.8 
 
1595.2 1609
.9 
  1036.7 1134 1199.2 
   
1413.2 1454.6 
   
  
 
1142.6 1249.5 
   
1428.8 1460.6 
   
  
 
1147.4 1274.5 
   
1460.6 1467.6 
   
  
      
1475.6 1475.6 
   
  
      
1493.4 1483.3 
   
  
       
1493.4 
   
naphthalene 
alcohol 
1013.1 1136 1190.6   1358.9   1453.3     1580.4 1631
.3 
  1033.6 1156.4 1225.6 
 
1379.5 
 
1462.6 
    
  1072.4 
 
1237.5 
        
  
  
1273.9 
        
Anthracene 
alcohol 
1003 1161.2 1221.5 
 
1386.2 
 
1484.6 
  
1559.8 1627
.4 
  1056.3 1181.2 1254.1 
 
1390.4 
     
1631
.1 
102 
 
Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
  
  
1263.1 
 
1400.9 
      
  
  
1272.7 
        
Tetracene alcohol 996.6 1175.1 1237 
 
1379.1 
 
1403.6 
 
1541.6 1605.7 1624
.2 
  1060.9 1190.4 
  
1393.5 
 
1444.6 
 
1550.6 
  
  
 
1191.9 
    
1450.2 
    
Pentacene alcohol 993.3 1172.6 1208.6 
 
1377.6 
 
1394.4 
 
1518.4 1593.2 1632 
  1058.3 1179 1214.3 
   
1396.4 
 
1540.3 
 
1634
.8 
  
  
1245.1 
   
1404.9 
 
1547.8 
  
  
      
1461.2 
    
Hexacene alcohol 991 1169 1251.2 
 
1372.4 
 
1395.7 
 
1507.8 1576 1635
.5 
  1058.3 1170.1 1264.1 
   
1397.8 
 
1546.3 
  
  
  
1275.4 
   
1404.8 
    
  
      
1438.4 
    
  
      
1444.9 
    
Heptacene 
alcohol 
990 1152.8 1238.5 
 
1360 
 
1383.7 
 
1499.6 1559.5 1634
.9 
  1057.5 1163.7 1242.4 
 
1367.2 
 
1388.2 
    
  
  
1264.5 
   
1396.9 
    
  
  
1276 
   
1398.7 
    
  
  
1288.3 
   
1404.5 
    
  
      
1453.1 
    
Pyrene alcohol 975.2 1162 1233.6 
 
1401.4 
   
1566.4 1584.7 1610 
  1074.2 1181 1299.7 
        
  1099.2 
          
Chrysene alcohol 1028.9 1159.1 1213 
 
1356.9 
 
1422.5 
 
1569.1 1608.6 1619
.5 
  1068.4 
 
1231.8 
   
1439.9 
    
  
  
1246.1 
        
  
  
1267.3 
        
Triphenylene 
alcohol 
1042.6 1162.2 1221.9 
 
1318.3 
 
1427.5 
 
1556 1604.2 1612 
  1068.6 1171.1 1259.6 
 
1334.6 
 
1431.9 
 
1577 1607.7 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
  1097.8 1195.9 1299.1 
 
1340.8 
 
1439.2 
    
Benzo[a] alcohol 1014.5 1144.1 1205.9 
        
  1096.6 1189.6 1218.9 
 
1369.2 
 
1405.7 
 
1563.5 1621.6 1637
.5 
  
  
1236.6 
 
1341.4 
 
1415.2 
 
1576.1 
  
  
  
1240.7 
     
1597.3 
  
  
  
1267.9 
        
Benzo[ghi]alcoho
l 
959.4 1149.8 1190.3 
 
1289.9 
 
1363.8 
  
1596.9 1616
.5 
  1022.7 
 
1195 
 
1310.9 
 
1375.3 
    
  1047 
 
1213.7 
   
1395.1 
    
  1083.3 
 
1247.7 
   
1396.7 
    
  
  
1268.1 
        
Coronene alcohol 950.7 
 
1211.2 
 
1340.8 
 
1446.2 
  
1601.6 1622
.6 
  982.1 
 
1218.1 
   
1450.5 
  
1608.5 
 
  1019 
     
1434.7 
  
1611.9 
 
  
         
1612.5 
 
Ovalene alcohol 983.1 1120.1 1194.3 
 
1304.3 
 
1450.2 
  
1595.1 1609
.6 
  
 
1136.2 1210.5 
 
1331.9 
 
1462 
    
  
 
1145 1214.4 
 
1352.2 
 
1478.3 
    
  
 
1172.8 1257.5 
 
1359.9 
      
Naphthalene 
aldehyde 
1025.3 1140.2 1201.8   1338.9   1516.2   1516.6 1571 1623
.6 
  1075.8 
 
1215.1 
 
1354.3 
 
1439.8 
    
  
      
1457.2 
    
anthracene 
aldehyde 
1003.6 1167.1 1258.2 
 
1360 
 
1417.5 
 
1542.2 1551.3 1614 
  
 
1183 1299 
 
1377.5 
 
1478.6 
  
1578.6 1628
.8 
  
    
1395.2 
      
Tetracene 
aldehyde 
984.9 1176 1202.6 
 
1363.95 
 
1433.6 
  
1534.5 1604
.7 
  996.2 
   
1384.8 
 
1444.5 
  
1544.1 1610
.11 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
  1064.5 
   
1396.1 
 
1463 
    
  
           
Pentacene 
aldehyde 
983.3 1175.2 1190.4 
 
1367 
 
1417.8 
 
1518.5 1591.7 1617
.5 
  993.1 1177.7 
  
1377.7 
 
1434.8 
 
1533.4 
  
  1062.6 
   
1384.5 
 
1455.9 
 
1540.3 
  
  
    
1398.7 
      
Hexacene 
aldehyde 
983.1 1172.6 1225.8 
 
1336.8 
 
1399.7 
 
1508.6 1574.5 1616
.3 
  991.2 1173.6 
  
1369.7 
 
1433.1 
 
1531.2 
  
  1062.3 1181.7 
  
1373.9 
 
1438.9 
 
1539.5 
  
  
    
1383.1 
 
1451.4 
    
  
    
1387.6 
 
1493 
    
  
           
  
           
Heptacene 
aldehyde 
976.6 1142.8 1287.3 
 
1327 
 
1402 
 
1484.2 1536.7 1581
.9 
  978.9 1151.1 
  
1347.8 
 
1415.1 
 
1509.2 
  
  1047.2 1157.2 
  
1359.4 
 
1433.4 
    
  
 
1163.6 
  
1369.2 
      
  
    
1380.1 
      
Pyrene aldehyde 1086.2 1140.2 1201.9 
 
1358.8 
 
1404.9 
 
1501.2 1624.5 
 
  
  
1217.9 
 
1373 
 
1418.2 
 
1540.6 
  
  
  
1229.6 
 
1394.5 
 
1479.3 
 
1580.3 
  
  
        
1588.1 
  
Perylene 
aldehyde 
974.3 1138.7 1219.8 
 
1320.9 
 
1412.8 
  
1537.2 1593
.8 
  984.2 1146.8 1244.6 
 
1340.9 
 
1435 
  
1573.3 
 
  1047.3 1154.8 1276 
 
1348.2 
 
1448.8 
    
  1078.4 
   
1357.2 
 
1460.3 
    
  1087.3 
     
1512.9 
    
Benzo[ghi]aldehy
de 
970.5 1149.3 1247 
 
1340.7 
 
1477.4 
 
1561.3 1591.7 1603
.7 
  982.1 
 
1280.5 
 
1349.2 
 
1489.3 
 
1573 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
  1054.9 
 
1285 
 
1361.1 
 
1496 
    
  1077.1 
          
  1094.8 
          
Coronene 
aldehyde 
977.6 1121.7 1169.6 
 
1310.4 
 
1411.9 
 
1569.3 1585.7 
 
  1008 1149.6 1175.3 
   
1428.6 
  
1590.1 
 
  1053.1 
 
1199.7 
   
1435.7 
  
1592.7 
 
  
  
1221.9 
   
1458.8 
  
1593.7 
 
  
      
1484.5 
    
Ovalene aldehyde 983.6 1116.4 1248.2 
 
1341.6 
 
1457.9 
 
1571.1 1593.1 1607
.4 
  1046 1134.9 
    
1474.6 
   
1612
.3 
  1073.6 1136.7 
    
1488 
    
  
 
1145.6 
         
  
           
Naphthl ethanoate 1013.9 1139   1197.
1 
1368.6 1374.5 1440.6 1453.5   1574.4   
  1073.2 
     
1448.5 
    
  
      
1458.7 
    
  
           
Anthracene 
ethanoate 
1002.9 1164.9 1258.6 1183.
7 
1397 1376.8 1448.5 1453.7 
 
1555.1 1626
.8 
  
   
1197.
1 
  
1477.3 
    
Tetracene 
ethanoate 
996.5 1178.7 1208.2 984.3 1371.5 1373.3 1425.1 1443.3 1539.6 1604.8 1621
.5 
  1019.1 1189.3 
 
1178.
7 
1380.4 
 
1443.3 1446.8 
   
  1058.5 
  
1182.
7 
1392.7 
 
1446.8 1456.4 
   
  
      
1461.8 
    
Pentacene 
ethanoate 
993 1173.9 1193.3 985.1 1372.3 1373.8 1401.5 1445.5 1518.6 1591.7 1629
.3 
  1056.8 1178.4 
 
1182.
7 
1380 
 
1454.6 1440.8 1539.5 
  
  
       
1456.7 
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Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Hexacene 
ethanoate 
1016.4 1170.2 1208.3 984.6 1339.9 1373.7 1386.1 1456.3 1508.6 1574.6 1628
.4 
  1056.8 1171.3 
 
1179.
5 
1371.2 
 
1387.2 
   
1633
.3 
  
   
1186.
9 
1378.1 
 
1396.7 
    
  
      
1422.1 
    
  
      
1438.2 
    
Heptacene 
ethanoate 
990 1152.3 1191.7 984.6 1344.2 1373.6 1388.2 1456.2 1500.3 1557.7 1629
.8 
  1015.9 1153 1198.8 1179.
9 
1365.7 
 
1401.5 
   
1632
.6 
  1056.6 1163.7 1219 1182.
7 
1378.4 
 
1447.3 
    
  
 
1174.1 1237 
        
Pyrene ethanoate 1053.5 1137.1 1232.6 983.3 1380.9 1374.4 1395.8 1444.9 
 
1582.6 1627
.2 
  1091.1 
  
1182.
2 
  
1409.1 1457.4 
   
  1093.2 
          
Benzo[a]ethanoat
e 
974.2 1113.6 1193.6 1006.
7 
1317.1 1371.3 1409.4 1458.2 1560.9 1596.9 
 
  1019.1 1150.3 1211.5 1202 1340.2 
 
1414.4 1465.6 1575.7 1614.7 
 
  
  
1235 
 
1368.4 
 
1426.2 
 
1592.4 1628.2 
 
  
  
1274.4 
 
1384.5 
 
1471 
    
Benzo[ghi]ethano
ate 
1029.2 
 
1189.5 986.3 1359 1377.8 1386.8 1453.5 1505 1591.3 1614
.5 
  1054 
 
1196.3 1184.
4 
1375.3 1386.8 1394.9 1462.4 1514.7 1596.6 
 
  1084.8 
 
1198.9 1198.
9 
  
1429.1 1473.5 
   
  
  
1213.3 1230.
6 
  
1438.2 1486.4 
   
  
  
1220.7 
   
1473.5 
    
  
  
1230.6 
   
1486.4 
    
  
  
1289.6 
        
  
  
1297.8 
        
107 
 
Molecule Breathi
ng 
ModeL 
C-H 
Waggin
g on 
Rings 
Breathi
ng 
ModeR 
Ether D Band Methyl 
Band 
Kekulé 
Band 
CH2/C
H3 
Band 
Asymm
etric 
Vibratio
ns 
Graphit
e Band 
GR 
Ban
d 
Coronene 
ethanoate 
1019.6 
 
1210.1 1082.
6 
1338.7 1373.2 1439.3 1439.3 
 
1598 1611
.5 
  
  
1213.4 983.3 1342.4 
 
1443.8 1443.8 
 
1609.1 1611
.9 
  
  
1244.3 1183.
3 
  
1446.7 1446.7 
 
1609.4 
 
  
       
1455.6 
   
Ovalene 
ethanoate 
 
1139.7 1249.6 1172 1346 1377.2 1377.2 1458.4 
 
1595.1 1610
.4 
  
  
1267.6 1181.
8 
 
1373.8 1459.5 1447.7 
   
  
  
1297.3 
   
1475.9 
    
                        
Average 1030.85
337 
1160.12
9425 
1233.44 1132.
886 
1359.58
267 
1391.86
7925 
1433.45
5686 
1463.25
463 
1538.49
186 
1589.04
9609 
1618
.71 
Standard 
deviation 
41.3562
6633 
21.4877
1097 
32.9024
4668 
85.65
251 
24.2816
9785 
17.5778
5671 
33.9795
9418 
15.4474
4006 
27.4531
0257 
20.9006
1764 
12.7
187 
 
Figure SI-1 shows the simulated Raman spectra of naphthalene and of naphthalene 
functionalized with the 5 different functional groups considered in this study. Figure SI-1 shows 
that the predicted band positions and relative intensities are in good visual agreement with the 
measured spectra. For most molecules, band locations are predicted to within 5 cm−1 with no 
apparent systematic bias. The greatest band location errors are less than 20 cm−1. Figure SI-2 shows 
similar data for substituted naphthalene compounds. Table SI-3 summarizes these data. 
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Figure 6-1:Experimental and simulated Raman spectra of for pyrene (a), anthracene (b) and 
naphthalene (c). 
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Figure 6-2:Comparison of Simulated and Experimental Raman spectra of functionalized 
naphthalene. 
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Table 6-3: Comparison of Simulated and Experimental Raman Spectra of functionalized 
naphthalene. Data are peak positions in cm-1. 
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
Naphthalene 1015.2 1019.8 Ring breathing 
  1142.2 1141.3 Aromatic carbon hydrogen wagging 
  1159.0 1153.4 Aromatic carbon hydrogen wagging 
  1376.7 1368.5 Carbon carbon stretching ring mode 
  1441.6 1455.1 Kekulé 
  1460.4 1458.1 Kekulé 
  1572.3 1574.6 Asymmetric breathing mode 
  1625.1 1630.9 Asymmetric breathing mode 
    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
    
    
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
1-Methyl naphthalene 971.6 959.5 Carbon carbon rocking 
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  1017.2 1016.8 Ring breathing 
  1071.1 1078.3 Carbon carbon stretching 
  1138.6 1139.1 Carbon hydrogen wag 
  1370.5 1356.6 Ring breathing 
  1394.9 1396.0 Methyl 
  1424.6 1440.5 
Carbon hydrogen wag- ring and 
aliphatic/Kekulé 
  1459.6 1458.0 
Carbon hydrogen wag- ring and 
aliphatic/Kekulé 
  1505.2 1518.6 
Carbon hydrogen wag- ring and 
aliphatic/Kekulé 
  1576.9 1578.9 Asymmetric breathing 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
1-Naphthaldehyde 1017.2 1008.6 Ring breathing 
  1073.9 1063.5 Ring breathing 
  1138.6 1130.1 Carbon hydrogen wag 
  1161.0 1153.6 Carbon hydrogen wag 
  1213.9 1198.3 Carbon hydrogen wag 
  1367.7 1338.1 Ring breathing 
  1389.5 1376.5 
Carbon carbon stretch/carbon hydrogen 
wag 
  1440.8 1428.9 Kekulé/carbon hydrogen wag 
  1457.0 1445.1 Kekulé/carbon hydrogen wag 
  1507.8 1494.1 Kekulé 
  1571.6 1552.9 Asymmetric breathing 
  1619.1 1599.9 Asymmetric breathing 
  1681.9 1688.3 Carbonyl stretch 
    
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
1-Naphthyl acetate 1002.9 1013.9 Ring breathing 
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  1034.3 1040.0 Carbon hydrogen wag/carbon carbon rock 
  1068.3 1073.2 Ring breathing 
  1138.6 1139.0 Carbon hydrogen wag 
  1202.8 1197.1 Ether mode 
  1255.4 1248.3 Carbon hydrogen wag 
  1373.2 1368.6 Ring breathing/methyl group 
  1435.4 1440.6 Kekulé 
  1569.0 1574.4 Asymmetric breathing 
  1741.6 1790.7 carbonyl 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
1-Naphthol 1008.7 1013.1 Ring breathing 
  1039.9 1033.6 Carbon carbon stretch 
  1076.8 1072.4 
Carbon hydrogen wag/carbon carbon 
stretch 
  1138.6 1136 Carbon hydrogen wag 
  1230.6 1225.6 Carbon hydrogen wag/carbon oxygen wag 
  1263.7 1273.9 Ring breathing/carbon oxygen stretch 
  1359.6 1358.9 Carbon carbon stretch ring mode 
  1381.3 1379.5 Carbon carbon stretch ring mode 
  1451.6 1453.3 Kekulé 
  1574.3 1580.4 Asymmetric breathing mode 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
1-Methoxy 
naphthalene 1014.4 1018.1 Ring breathing 
  1062.6 1066.6 Ring breathing 
  1135.8 1139.6 Carbon hydrogen wagging 
  1337.8 1345.8 Carbon carbon stretching 
  1375.9 1371.6 Carbon carbon stretching ring mode 
  1432.7 1439.2 Aliphatic carbon-hydrogen wag/Kekulé 
  1456.9 1467.4 Aliphatic carbon-hydrogen wag 
  1502.5 1513.0 Kekulé 
  1574.3 1579.1 Asymmetric breathing 
  1621.1 1626.8 Asymmetric breathing 
 
Next, we sought to examine method accuracy for non-arene compounds. Previous work by 
Kim et al.[39] established the accuracy of DFT methods to predict the locations of Raman active 
vibrations of 1-ring furanic compounds. Here, we sought to evaluate the method for quinones, 
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multi-ring furans, and partially hydrogenated PAHs which are all molecular sub-units present in 
some literature hydrochar models [22]. Figure SI-3 compares simulated spectra to experimental 
spectra of benzoquinone (Figure SI-3a), furan (Figure SI-3b), benzofuran (Figure SI-3c), and 9,10-
dihydroanthracene Figure SI-3d). Table SI-4 lists simulated and experimental band locations for 
the same 4 molecules.  
 
Figure 6-3:Comparison of Simulated and Experimental Raman spectra of benzoquinone, 
benzofuran, dibenzofuran and 9,10-dihydroanthracene. 
Table 6-4: Comparison of simulated and experimental Raman spectra of benzoquinone, 
benzofuran, dibenzofuran and 9,10-dihydroanthracene. 
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
Benzoquinone 1149.1 1135.1 Carbon hydrogen wag 
114 
 
  1229.8 1198.7 Carbon carbon stretch 
  1391.5 1358.2 Carbon carbon stretch 
  1652.6 1696.6 Carbonyl 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
Benzofuran 1002.2 1003.9 Ring breathing 
  1022.1 1033.0 Carbon oxygen stretch 
  1092.9 1093.2 Carbon oxygen stretch 
  1118.2 1124.7 Carbon hydrogen wag 
  1140.7 1144.2 Carbon hydrogen wag 
  1240.9 1244.8 Ring breathing 
  1320.7 1328.0 Symmetric breathing 
  1339.8 1357.4 Ring breathing/carbon hydrogen wag 
  1445.5 1446.5 Kekulé/furan 
  1461.7 1470.7 Kekulé 
  1528.5 1539.9 Carbon carbon stretch 
  1584.2 1587.5 Asymmetric breathing 
  1605.3 1614.7 Asymmetric breathing 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
Dibenzofuran 1002.2 1006.4 Ring breathing 
  1092.9 1090.9 Ring breathing/carbon oxygen stretch 
  1140.7 1141.8 Carbon hydrogen wag 
  1235.3 1236.4 
Furan carbon carbon stretch/carbon oxygen 
stretch 
  1301.5 1299.8 Carbon hydrogen wag/carbon carbon stretch 
  1339.8 1353.8 Ring breathing 
  1437.4 1437.9 Kekulé/furan 
  1461.7 1467.1 Kekulé 
  1477.8 1483.9 Kekulé/furan 
  1586.9 1591.0 Asymmetric breathing 
  1623.8 1628.7 Asymmetric breathing 
      
Molecule Measured Simulated 
Vibrational peak assignment based on 
simulation 
9,10-
dihydroanthracene 948.6 947.6 Carbon hydrogen wag-all 
  1028.6 1034.6 Ring breathing 
  1152.6 1154.4 Carbon hydrogen wag-all 
  1208.4 1199.4 Carbon hydrogen wag-aliphatic 
  1230.6 1211.1 Carbon hydrogen wag-all 
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  1285.7 1313.8 Ring breathing 
  1419.2 1446.8 Carbon hydrogen wag-aliphatic 
  1446.2 1454.2 Carbon hydrogen wag-all 
  1489.1 1499.7 Kekulé 
  1582.2 1599.7 Asymmetric breathing 
 
 
 For both benzofuran and dibenzofuran, predicted band locations and intensities were in 
good agreement with experimental measurements. Agreement for benzofuran was especially good, 
with relative intensities being predicted to within 5% and band locations predicted to within 10 
cm−1 in the worst case (one of the 2 asymmetric breathing modes). Predicted band locations for 
dibenzofuran were generally within 2 cm−1 of measured locations, with the Kekulé and asymmetric 
breathing modes being modest exceptions to the excellent overall agreement (5 cm−1 difference). 
Visual inspection of Figure SI-3 suggests that the DFT predictions are least accurate for 
9,10-dihydroanthracene compared to the other compounds. Closer review of Table SI-4 shows that 
predicted band locations for 9,10-dihydroanthracene were within at least 10 cm−1 of their measured 
values, and often within 2 cm−1. The most obvious source of discrepancy for 9,10-
dihydroanthracene arises instead from differences in the predicted and measured band intensities. 
In particular, the relative intensities of the C-H bending modes are systematically over predicted 
by about an order of magnitude compared to their measured intensities. The overestimation of the 
intensities of C–H vibrations has been reported previously in the literature, especially for C–H 
stretches [102]. Johnson et al. [134] explained that over prediction of C–H bond lengths by B3LYP 
resulted in over prediction of the corresponding bond polarizability, leading to an over prediction 
of the intensity of C–H bands [76]. The over prediction implies that even modest aliphatic content 
in model compounds will give rise to significant contributions from C–H bands in the simulated 
spectra. This over estimation of C–H band intensities does not compromise our analysis as we 
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focus primarily on aromatic bands; however, identifying the systematic over prediction should 
prevent incorrect interpretation of Raman spectra.  
Relative intensities predicted for benzoquinone were in good agreement with 
measurements (generally within 10%); however, predicted band locations for benzoquinone 
differed from the measured locations by about 30 cm−1, suggesting that the accuracy of predicted 
bands locations is less for quinones than for the other compounds considered in this study. 
 
Figure 6-4: Raman spectra of glucose hydrochar that have been exposed to the laser for different 
intervals. (a) is the raw spectra, (b) is baseline subtracted. 
 Figure SI-3 shows the Raman spectra of glucose char under a 10mW laser. The laser was 
defocused as stated in the experimental procedure to reduce fluorescence. It can be seen that 
spectra remain relatively unchanged until 105 seconds where the baseline in SI-4(a) has started to 
rise. This baseline rise continues until 245 seconds. From 245 to 310 seconds the spectra remain 
relatively constant in SI-4(a). This is similarly reflected in SI-4(b), the baseline corrected spectra 
are the same until 175 seconds where a shoulder becomes visible at 1435 cm−1. As a result we can 
conclude that during our Raman procedure scanning for 50 seconds we do not alter the material 
greatly. The laser begins to have an impact on the material around 100 seconds, and the most 
pronounced effects that change the D/G ratio occur around 230 seconds.  
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Figure 6-5: Raman spectra of glucose hydrochar that have been exposed to the laser at different 
intensities. 
In Figure SI-5 the glucose char has been exposed to a defocused laser at various intensities. Using 
this method of defocusing allows us to gain spectra that show very little variance, and reduces the 
impact of the laser on the sample for short scans.  
 
 
 
 
 
 
 
Supplemental information: Induction of Thermal and Fluorescence effects 
on Hydrothermal Char during Raman Spectroscopy 
Avery Browna, Geoff Tompsetta, Behnam Partopoura,  Aaron Deskinsa, Mike Timkoa 
a Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, 
USA. 
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The following figure show the Raman spectra of glucose and xylose hydrothermal chars and 
humins. Patil et al.[132] hypothesized that humins would exist as highly furan rich materials due 
to their mild synthesis temperatures, but strong use of acid. Figure SI-6 demonstrates the low 
temperature powder spectra of the 4 materials. All 4 materials are highly furan rich, but the 2 
humins possess sharper bands than their corresponding chars at approximately 1480cm-1. This 
position and sharpness are consistent with the presence of larger degrees of furans in the 
corresponding humins. The xylose based materials also possess sharper furan modes in comparison 
to both glucose char and humin. This is consistent with the literature as xylose is a pentose sugar 
while glucose is a hexose sugar[57], for this reason xylose based chars and humins are assumed to 
be far more furan rich.   
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Figure 6-6: Raman spectra of glcuose and xylose derived hydrothermal chars and humins. 
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Supplemental information:  Structural kinetics of Glucose based 
Hydrothermal Char Formation by Raman Spectroscopy 
 
Avery Browna, Dennis Jungb, Jens Pfersichb, Andrea Kruseb, Michael Timkoa 
a Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, 
USA. 
b Department of Agricultural Engineering, Hohenheim University, Schloß Hohenheim 1, 70599 
Stuttgart, Germany 
Table SI-5 shows the tabulated percentage for the Raman samples generated in chapter 4. 
Table 6-5: Tabulated Raman spectral areas for glucose hydrochars 
Material Carbo
nyl% 
GR
% 
G
% 
Asymme
tric% 
Alipha
tic% 
Keku
lé% 
Meth
yl% 
D 
Ban
d% 
Ethe
r% 
Breathi
ngR% 
Glucose200_
0_0 
6.89 5.2
5 
17.
99 
30.77 0.00 15.46 0.00 13.4
7 
1.71 8.46 
Glucose200_
0_30 
5.90 5.9
6 
13.
33 
33.55 0.00 14.34 0.00 14.9
9 
1.09 10.85 
Glucose200_
0_60 
4.60 3.9
0 
15.
86 
37.05 0.00 12.57 0.00 14.2
2 
1.01 10.78 
Glucose200_
0_90 
4.54 6.9
3 
14.
02 
33.83 0.42 13.30 0.00 15.9
0 
0.28 10.77 
Glucose200_
0_120 
5.61 7.7
2 
15.
45 
29.20 0.00 14.41 0.00 15.8
9 
2.14 9.59 
Glucose200_
0_150 
3.12 0.3
7 
17.
61 
43.72 0.43 6.31 0.00 18.3
1 
0.67 9.45 
Glucose200_
0_300 
4.61 9.2
1 
10.
01 
33.06 0.00 13.51 0.00 18.4
5 
1.52 9.63 
Glucose220_
0_0 
11.84 14.
66 
12.
93 
28.43 0.63 17.77 0.00 6.73 0.00 7.02 
Glucose220_
0_30 
7.00 3.2
7 
19.
25 
35.63 0.00 16.20 0.00 10.9
6 
0.19 7.50 
Glucose220_
0_60 
4.03 4.9
7 
14.
31 
36.34 0.00 13.15 0.00 14.2
2 
1.12 11.87 
Glucose220_
0_90 
3.61 2.3
0 
19.
41 
35.79 0.00 11.75 0.00 15.6
0 
0.97 10.56 
Glucose220_
0_120 
4.42 3.4
1 
9.9
4 
42.56 0.00 12.24 0.00 15.6
8 
0.87 10.87 
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Glucose220_
0_150 
3.89 9.6
8 
12.
35 
26.53 0.00 17.90 0.00 15.4
8 
1.34 12.84 
Glucose240_
0_0 
2.52 1.7
5 
22.
40 
32.22 0.00 14.64 0.00 14.7
0 
0.39 11.37 
Glucose240_
0_15 
2.70 5.1
9 
14.
87 
33.55 0.00 14.40 0.00 14.7
1 
1.00 13.57 
Glucose240_
0_30 
2.82 7.6
5 
15.
88 
24.56 0.00 19.98 0.00 12.4
0 
0.67 16.03 
Glucose240_
0_45 
1.51 5.1
0 
16.
76 
32.16 0.00 12.93 0.00 14.7
7 
1.24 15.53 
Glucose240_
0_60 
2.86 5.0
4 
18.
79 
29.24 0.00 15.51 0.00 13.0
7 
0.39 15.10 
Glucose240_
0_75 
2.80 6.6
8 
16.
37 
28.83 0.00 16.57 0.00 14.6
1 
1.17 12.97 
Glucose260_
0_0 
2.49 3.9
1 
18.
48 
28.22 0.00 16.21 0.00 16.2
1 
1.21 13.26 
Glucose260_
0_15 
2.81 6.0
1 
13.
27 
35.33 0.00 12.83 0.00 13.9
9 
1.16 14.60 
Glucose260_
0_30 
3.33 6.5
5 
16.
69 
29.19 0.00 15.51 0.00 15.3
1 
1.23 12.20 
Glucose260_
0_45 
4.79 0.0
0 
24.
18 
34.12 0.00 9.59 0.00 18.2
4 
1.05 8.04 
Glucose260_
0_60 
2.64 3.9
7 
16.
40 
36.07 0.00 10.94 0.00 14.3
8 
0.83 14.77 
Glucose260_
0_75 
3.43 4.5
7 
17.
35 
32.44 0.00 12.70 0.00 17.0
8 
1.58 10.86 
Glucose200_
016_0 
6.76 6.1
6 
13.
35 
33.26 0.00 13.59 0.00 15.1
2 
2.06 9.69 
Glucose200_
016_30 
5.73 1.6
7 
19.
79 
33.96 0.00 12.01 0.00 15.5
4 
1.65 9.65 
Glucose200_
016_60 
4.34 0.0
0 
33.
35 
29.40 0.00 8.28 0.00 13.0
2 
1.30 10.31 
Glucose200_
016_90 
4.88 0.0
5 
25.
45 
28.18 0.00 13.40 0.00 17.1
1 
1.86 9.07 
Glucose200_
016_120 
6.36 0.0
0 
56.
69 
0.00 0.00 10.62 4.88 10.7
5 
1.23 9.47 
Glucose200_
016_150 
5.17 4.6
6 
17.
76 
31.31 0.00 13.93 0.00 14.8
0 
1.28 11.10 
Glucose200_
16_0 
6.63 3.2
8 
15.
56 
36.97 0.00 11.81 0.00 15.9
1 
1.66 8.18 
Glucose200_
16_30 
7.51 1.8
9 
19.
39 
35.85 0.00 12.24 0.00 14.3
5 
0.76 8.01 
Glucose200_
16_60 
4.35 3.3
4 
15.
65 
27.98 0.00 16.17 0.00 19.1
7 
0.91 12.43 
Glucose200_
16_90 
5.45 1.6
5 
15.
64 
36.35 0.00 11.94 0.00 17.4
6 
1.10 10.41 
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Glucose200_
16_120 
5.51 1.2
9 
16.
15 
36.71 0.00 11.16 0.00 17.7
6 
1.22 10.21 
Glucose200_
16_150 
2.89 0.5
4 
18.
30 
33.91 0.00 13.69 0.00 19.3
4 
1.77 9.56 
 
Table SI-6 shows the tabulated Furan band over D band ratios and the rations normalized to the 
furan over D band ratio for Glucose at 220°C 0M HCL at 0 min reaction time.  
Table 6-6: Tabulated furan/D band ratios and normalized furan/D band ratios as a function of 
temperature and normalized reaction time 
Material RRTD Furan/D 
band 
F/D 
Normalized 
Glucose200_0_0 0 1.15 0.43 
Glucose200_0_30 0.2 0.96 0.36 
Glucose200_0_60 0.4 0.88 0.33 
Glucose200_0_90 0.6 0.84 0.32 
Glucose200_0_120 0.8 0.91 0.34 
Glucose200_0_150 1 0.34 0.13 
Glucose200_0_300 2 0.73 0.28 
Glucose220_0_0 0 2.64 1.00 
Glucose220_0_30 0.2 1.48 0.56 
Glucose220_0_60 0.4 0.92 0.35 
Glucose220_0_90 0.6 0.75 0.29 
Glucose220_0_120 0.8 0.78 0.30 
Glucose220_0_150 1 1.16 0.44 
Glucose240_0_0 0 1.00 0.38 
Glucose240_0_15 0.2 0.98 0.37 
Glucose240_0_30 0.4 1.61 0.61 
Glucose240_0_45 0.6 0.88 0.33 
Glucose240_0_60 0.8 1.19 0.45 
Glucose240_0_75 1 1.13 0.43 
Glucose260_0_0 0 1.00 0.38 
Glucose260_0_15 0.2 0.92 0.35 
Glucose260_0_30 0.4 1.01 0.38 
Glucose260_0_45 0.6 0.53 0.20 
Glucose260_0_60 0.8 0.76 0.29 
Glucose260_0_75 1 0.74 0.28 
Glucose200_016_0 0 0.90 0.34 
Glucose200_016_30 0.2 0.77 0.29 
Glucose200_016_60 0.4 0.64 0.24 
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Glucose200_016_90 0.6 0.78 0.30 
Glucose200_016_120 0.8 0.99 0.37 
Glucose200_016_150 1 0.94 0.36 
Glucose200_16_0 0 0.74 0.28 
Glucose200_16_30 0.2 0.85 0.32 
Glucose200_16_60 0.4 0.84 0.32 
Glucose200_16_90 0.6 0.68 0.26 
Glucose200_16_120 0.8 0.63 0.24 
Glucose200_16_150 1 0.71 0.27 
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